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RESTRICTED 


THE  EFFECT  OF  HEAT  UPON  THE  PERFORMANCE  CF  MEN 
IN  HIGH  SPEED  AIRCRAFT:  A  CRITICAL  REVIEW 


I.  Summary 

\ 

1.  The  effect  of  high  temperature  upon  human  performance  is  examined  by 
means  of  a  review  and  evaluation  of  the  relevant  literature. 

2.  High  temperature  will  be  a  problem  for  airplanes  that  fly  at  high 
speed.  The  sources  of  heat  are  friction  of  the  aircraft  shin  with  the  air, 
cabin  pressurization,  waste  heat  from  the  power  plant  end  other  equipment, 
solar  radiation,  and^  possibly  heat  from  the  atmosphere  Itself.  Already  there 
have  been  reported  such  temperatures  as  160°F.  in  the  cockpit  of  jet  aircraft, 
275°F .  on  the  skin  of  a  V-2  rocket  in  flight,  and  200°?,  for  the  air  at  400,000 
feet  altitude. 

5.  Some  problems  are  encountered  in  describing  the  effects  of  high 
temperatures  upon  piloting  high  speed  aircraft.  Among  these  are:  (a)  the 
limited  number  of  studies  dealing  directly  with  performance;  (b)  the  concept 
of  general  performance  deterioration,  by  virtue  of  which  some  test  scores 
are  treated  as  Indices  of  all  other  behavior  and  the  specific  aspects  of  be~ 
havior  (e.g.  speed  or  accuracy)  are  neglected;  (c)  the  concept  of  physio¬ 
logical  adequacy,  which  is  based  on  the  aesumption  that  behavior  will  remain 
normal  as  long  as  thermal  equilibrium  can  be  maintained;  (d)  the  lack  of  de¬ 
tailed  Information  as  to  Ju3t  sjhat  specific  activities  are  required  in  piloting 
a  plane  and  which  ones  are  of  critical  importance;  (e)  the  difficulty  of 
making  comparisons  between  studies  because  cf  a  failure  to  standardize  experi¬ 
mental  conditions,  lstandard  procedures  should  be  establish*!  for  specifying 
the  physiological,  environmental,  and  psychological  variables  wnich  are  being 
studied.  \ 

'A  * 

4.  A  thermal  zone  in  which  men  feel  comfortable  la  described.  There  Is 
ho  evidence  thnt  these  thermal  conditions  Interfere  with  ;*rformnnce  at 
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sedentary  tasks. 

5.  The  following  different  thermal  zones,  as  based  on  performance  and 
ths  feeling  of  comfort,  are  delineated  in  the  paper: 

a  corafort  zone,  in  which  sedentary  performance  is  normal; 
a  marginal  sons,  in  which  discomfort  is  experienced  but  no  ap¬ 
preciable  impairment  of  performance  has  been  demonstrated; 

//(c)  e  performance  deterioration  zone,  in  which  the  effects  upon 
performance  become  more  pronounced  with  prolonged  exposure; 

^fd)  a  survival  zone,  in  which  slight  effort  can  be  expended;  and 
//  (e)  a  zone  of  failure  due  to  heat  collapse. 

6.  The  combination  of  high  temperature  with  other  adverse  conditions 
generally,  though  noc  always,  produces  an  additive  effect  in  disturbing  human 
performance^  High  temperature  lowers  tha  tolerance  to  accelerative  forces  and 
to  anoxia.^  It  probably  increases  the  incidence  of  motion  sickness  but  it  may 
reduce  the  frequency  of  aero-eobolisa  slightly.  However,  the  data  for  motion 
sickness  and  aero-embolism  ar.  „ot  conclusl.8. 

7.  Data  from  industrial  sources  indicate  that  an  increase  of  heat  reduces 
production  and  increases  the  accident  rate.  While  there  is  no  reason  to  doubt 
that  these  effects  are  due  to  heat,  such  reports  often  lack  the  information 
required  to  evaluate  them  properly. 

#.  There  are  very  few  experimental  studies  of  performance  under  hot  con¬ 
ditions.  Neither  a  wide  variety  of  tasks  nor  a  wide  range  of  temperatu re- 
humidity-ventilation-radiation  conditions  has  been  sampled.  Therefore,  the 
conclusions  stated  below  are  tentative  and  subject  to  revision  as  experimental 
techniques  are  refined  through  further  exploration.  ■Normal"  performances  on 
moderately  complex  tasks,  requiring  ability  in  problem  solving,  hand  coordina¬ 
tion,  and  visual  attention,  and  requiring  little  physical  effort,  Bay  be  observed 


t. 


at  effective  tenperatures  up  to  about  85°F.  The  deterioration  in  performance, 
which  oay  occasionally  ba  observed  on  these  tasks  in  wilder  environments,  is 
often  statistically  significant  at  temperatures  just  above  85°F.  E.T.  There  is 
reason  to  expect  that  deterioration  may  occur  at  temperatures  below  85°F.  E.T. 
when,  in  addition,  some  physical  effort  is  required,  or  when  several  tasks  must 
be  performed  simultaneously,  or  when  the  tasks  become  more  complex.  However, 
data  on  these  points  are  indirect  and  scanty.  Beat  probably  reduces  the  willing¬ 
ness  as  well  as  the  capacity  to  work.  If  this  is  true,  individuals  who  have 
been  working  more  closely  to  their  limit  may  be  expected  to  show  greater 
deterioration. 

9.  Performance  deteriorates  significantly  in  less  severe  environments 
than  those  at  which  physiological  equilibrium  cannot  be  maintained. 

10.  As  measured  by  the  willingness  of  subjects  to  expose  themselves  to 
heat,  temperatures  as  high  as  120°F.  are  tolerable  for  about  one  hour,  1C7°P. 
for  two  hours,  and  95°F.  for  four  hours  at  the  most  severe  humidities  which 
occur  under  natural  conditions.  Even  higher  temperatures  can  be  "endured"  for 
short  periods  (e.g.  160*F.  for  one-half  hour'.  Since  these  limits  stand  far 
above  the  performance  tolerances,  it  may  be  presumed  that  a  man's  manual  and 
intellectual  activities  would  be  very  seriously  restricted  during  such  exposures. 


Studies  of  the  atmosphere  have  shorn  that  temperature  decreases  5.6°F.  with 
every  increase  of  1,000  feet  in  altitude  until  it  reaches  -67°F.  at  about  36,000 
feet,  after  which  temperature  remains  relatively  constant  for  a  considerable 
distance.  Temperatures  as  low  as  -94°F.  have  been  recorded  by  sounding  balloons 
which  have  explored  the  atmosphere  up  to  110,000  feet  (61).  Data  from  the 
recent  rocket  experiments  show  ambient  temperatures  as  low  as  -100°F.  at  260,000 
feet.  However,  at  still  higher  altitudes,  the  temperature  appears  to  Increase 
and  is  reported  to  be  fl60°F.  at  400,000  feet  (72).  Figure  1  shows  the  way  in 
which  temperature  varies  with  altitude,  as  described  by  several  Investigators.  . 
Irrespective  of  some  uncertainty  as  to  the  precise  temperature  to  be  found  at 
any  particular  altitude,  it  is  clear  that  the  temperature  gradient  changes  in 
magnitude  and  in  sign  several  times  and  that  both  high  and  low  extremes  of 
temperature  may  be  encountered. 

Heat  from  the  following  sources  may  be  encountered  in  high  speed  flight: 

(a)  friction  between  the  skin  of  the  airplane  and  the  surrounding  air 

(b)  heat  arising  from  compression  of  the  air  for  purposes  of  cabin 
pressurization 

(c)  waste  heat  from  the  power  plant,  electronic  equipment,  etc. 

(d)  solar  radiation. 

Helnemann  (43)  has  reported  the  skin  temperatures  that  may  be  expected  on 
aircraft  traveling  at  speeds  between  zero  and  2,000  mph  at  altitudes  from  sea 
level  to  85,000  feet.  This  is  the  heat  rise  due  to  compressibility  of  the  air 
and  does  not  take  into  account  other  sources  of  heat.  Inspection  of  Figure  2 
will  show  that  the  "human  endurance"  line  (i.e.  100°F.  and  50  percent  relative 
humidity)  intersects  with  the  curves  for  "35,000  foet  altitude  and  above"  at 
about  950  mph  true  air  speed.  This  intersection  implies  that  for  altitudes 
above  35,000  feet  high  temperatures  become  a  problem  at  all  speeds  above  about 
960  mph.  Furthermore,  the  problem  becomes  serious  at  much  lower  speeds  when 
altitudes  below  55,000  feet  are  considered. 
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TEMPERATURE 


AIRSPEED  LIMITATIONS  DUE  TO  TEMPERATURE 
LIMITS  OF  COMPONENT  SYSTEMS 


FIGURE  2  THE  EFFECT  OF  AIRSPEED  ON  AIRCRAFT  SKIN  TEMPERATURE 
COMPARED  TO  THE  TEMPERATURE  LIMITS  OF  COMPONENT 
8YSTEMS  If.'  THE  AIRCRAFT.  TAKEN  FROM  HEINMANN  (44) 


pisurc  i  rise  of  cockpit  air  timpcraturc  at  various 

AIRSPC COS  IN  A  P-SOA.  TAKIN  FROM  JOHNSON  (SS). 


c. 


I 


Flaunt  4  414  TEMRtRATURE  WITHIN  THE  RRESSURE  CABIN 
OR  4  R-BO.  EQUIRRED  WITH  4  COOUNO  UNIT. 
TAKEN  FROM  JOHNSON  ( 35). 
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The  expectation  that  high  temperatures  will  be  encountered  is  borne  out  by 
flights  at  speeds  presently  attainable. /  For  example,  Johnson* s  graph,  repro¬ 
duced  as  Figure  5,  shows  the  cockpit  air  temperature  rise,  including  solar 
radiation  effects,  to  be  about  75°F.  in  a  P-80A  traveling  at  500  mphi^  Figure 
4,  taken  from  the  same  paper,  shows  that  the  temperature  of  the  compressed  air 

entering  the  cockpit  of  a  P-80  at  the  start  of  pressurization  is  190°F.  A 

> 

cockpit  temperature  of  160°F.  recorded  during  a  high  speed  run  in  a  P-84  was 
reported  at  the  meeting  of  the  Committee  on  Aviation  Medicine  of  the  National 
Research  Council  on  22  June  1948. 

According  to  Stalder  and  Jukoff  (85),  the  effect  of  solar  radiation  upon 
skin  temperature  is  small  at  altitudes  of  less  than  75  miles.  Solar  radiation, 
however,  becomes  the  major  influence  upon  skin  temperature  at  altitudes  above 
150  miles,  where  skin  friction  and  cooling  are  negligible  factors.  The  magni¬ 
tude  of  heat  rise  due  to  solar  radiation  upon  a  person  in  a  plane  has  been 
estimated  to  range  from  4°F.  at  5,000  feet  to  31°F.  at  110,000  feet  (56).  The 
relationship  between  solar  heat  load  and  total  heat  load,  particularly  with 
respect  to  ita  significance  for  the  design  of  clothing,  has  also  been  examined 
by  Blum  (12). 

Under  special  circumstances,  high  temperatures  may  be  observed  even  in 
conventional  aircraft.  Thus,  Fawcett  (28)  reports  that,  in  flights  over  desert 
terrain,  the  temperature  has  reached  140°F.,  accompanied  by  humidities  up  to 
90  percent  and  air  movement  velocities  up  to  50  miles  per  hour.  Temperatures 
as  high  as  178°F.  have  been  recorded  on  stationary  aircraft  i  irked  in  the  open 
(28). 

Further  data  on  the  skin  temperatures  to  be  expected  at  high  speeds  are 
available  from  measurements  made  on  V-2  rockets.  These  temperatures  were 
measured  with  platinum  resistance  wires  designed  to  record  temperatures  up  to 


annnpiMWp 

1300°F.  and  were  telemetered  to  a  receiving  station  on  the  ground.  Satisfactory 
data  collected  for  the  middle  portion  of  one  flight  show  skin  temperatures  vary¬ 
ing  between  167°  and  374 °F;,  the  higher  temperatures  being  observed  in  the 

forward  part  of  the  rocket  (41).  More  complete  data  from  another  flight  are 

o 

shown  in  Figure  5.  Evidently  skin  temperature  may  approach  275  F.  80  seconds 
after  launching.  This  temperature  occurred  at  an  altitude  of  200,000  feet  end 
a  speed  of  5,000  mph  (52).  Figure  1,  moreover,  shows  that  ambient  temperatures 
at  this  altitude  have  been  estimated  as  80°  to  300°F» 

Thus,  for  several  reasons,  it  is  evident  that  high  speed  flight  may  involve 
the  exposure  of  men  to  temperatures  which  require  the  use  of  protective  measures* 
Heretofore,  the  concern  with  temperature  in  aviation  has  largely  been  to  protect 
the  pilot  against  cold.  Thus,  Armstrong's  (4)  book  pn  aviation  medicine  de¬ 
votes  more  than  three  pages  to  the  topic  of  cold  and  only  20  lines  to  heat} 
Gemmill  devotes  seven  pages  to  high  temperature,  but  does  not  discuss  heat  as 
related  to  aircraft  in  flight  (37).  The  advent  of  high  speed  flight  and 
pressurized  cabins  emphasizes  the  previously  unimportant  problem  of  heat. 
McFarland  (68)  was  among  the  first  to  devote  extended  attention  to  heat  as  a 
problem  associated  with  high  speed  aircraft.  At  present,  cold  is  still  a  pro¬ 
blem  encountered  in  the  operation  of  several  types  of  aircraft.  However,  the 
effects  of  low  temperature  upon  performance  are  not  discussed  in  this  paper, 
which  is  devoted  entirely  to  the  effects  of  beat. 
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/itany  of  the  practical  problems  posed  by  aircraft  designers  and  engineers 
tal|e  the  fora  of  &  question  as  to  the  maximum  (or  minimum)  temperature  at  which 
a  pilot  or  another  aircrew  member  can  be  expected  to  cerry  on  his  duties  with¬ 
out  undue  deterioration  of  performance,  JIdeally,  one  would  have  a  set  of 
- - - - 

temperature  tolerances  for  performance,  perhaps  in  the  form  of  one  or  more 
charts,  to  answer  such  questions.  Unfortunately,  there  are  at  present  several 
reasons  why  such  precise  specifications  cannot  be  devised.  An  understanding  of 
the  limitations  of  our  information  is  prerequisite  to  U3e  of  the  facts  which 
the  literature  contains.  Six  methodological  problems  are  discussed  below. 

1.  One  of  the  important  reasons  why  precise  temperature  tolerances 


for  human  performance  are  not  generally  available  is  that  stud 


A  large  portion 


of  the  literature  is  given  over  to  studies  dealing  with  the  mechanism  of  heat 
regulation  and  related  physiological  and  medical  problems. 

£.  Studies  of  the  interrelations  of  performance  and  temperature  may 


have  been  delayed  because  of  the  concept  of , 


of  performance. 


According  to  this  concept,  the  specific  behavior  chosen  for  observation  is 
thought  of  as  an  index  of  behavior  at  large;  and,  in  terms  of  this  restricted 
•ample  of  behavior,  the  performance  is  Judged  normal,  or  temporarily  below 
normal!  The  danger  inherent  in  such  a  doctrine  is  that  it  is  too  gross.  The 
investigator  attempts  to  deal  with  behavior  ja  masse  ratfjer"than  to  inquire 
specifically  whether  speed,  accuracy,  dexterity,  strength,  decision  time, 
coordination,  or  steadiness  are  adversely  affected  by  given  temperature  con- 
ditions.^It  would  be  unwiee  to  assume,  without  evidence,  that  all  of  these 
characteristics  of  behavior  ere  similarly  affected  by  a  particular  thermal 
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stress  placed  on , the  organism.  .  ,f  :t  /  /  —y  •+— 

/It  is  a  well-known  fact  that  some  activities  can  continue  under 
conditions  which  would  make  it  impossible  to  engage  in  other  activit?es.~^7hen 
the  organism  is  exposed  to  moderate  stress,  Impairment  may  be  evident  in  some 
but  not  in  all  of  the  psychological  performances.  Under  anoxia,  for  example,  & 
vision  is  impaired  at  an  altitude  of  10,000  feet  while  psychomotor  performance 
is  not  noticeably  affected^  Certain  types  of  stress  may  produce  local  and 
specific  impairment,  fhus,  cold  may  slow  up  performances  involving  motion  of 


the  extremities  but  not  appreciably  impair  the  ability 


to  see. 


Since  environ¬ 


mental  stress  may  also  produce  discomfort,  the  impairment  may  be  related  to 
distraction  and  interference  with  performance.  That  is,  the  willingness  to 


work,  rather  than  the  capacity  to  work,  may 


behavioral  index  to  indicate  genera 


be  reduced} 

•  ft  M 


The  notion  of  a  single 


deterioration  seems  to  be 


theoretically_unsc*jnd. 


S.  Another  closely  related  point  of  view  which  has  influenced  the 
development  of  performance  studies  involves  the  concept  of  the  physiological 
adequacy  of  man.N  According  to  this  view,  measurements  of  body  temperature, 
perspiration,  and  the  like  are  employed  as  indices  of  man’s  physiological 
condition.  Tolerance?  are  act  in  terns  of  temperature  conditions  at  which 

1  "■  ir  iii  i  -  i  nrii-|  t  -~1 — vn ,f  ^ 

‘thermal  equilibrium  in  the  body  begins  to  disappear.  This  view  presumes  that 
performance  will  not  be  impaired  so  lcng  as  the  regulatory  mechanisms  are  ef¬ 
fective  end  homeostasis  prevails.  As  compared  with  the  psychologist’s  approach 
to  temperature  through  performance,  the  view  of  physiological  adequacy  has  much 
to  recommend  itj  it  is  simpler  in  concept,  probably  simpler  so  far  *s  the  required 
research  is  concerned,  and  should  yield  a  workable  set  of  tolerance  values.  The 
limitation  of  this  view,  however,  is  that  some  of  the  more  delicate  and  complex 


behavioral  activities,  critical  in  their  importance,  may  be  significantly  altered 
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by  a  thermal  environment  not  sufficiently  extreme  to  cause  large  changes  in  the 


physiological  criteria. 


^This  is 


a  problem  of  the  sensitivity  and  adequacy  of 


the  physiological  criteria;  or,  in  the  phrase  of  the  statistician,  this  is  a 
matter  of  both  the  reliability  and  the  validity  of  the  indie esN  The  problei: 


of  the  correlation  between  measured  bodily  condition  and  performance  adequacy 
appears  to  invite  research. 

C4.  The  determination  of  temperature  tolerances  for-  pilots  requires 
iirect  study  of  piloting  a  plane  under  experimentally  controlled  thermal 
conditions  or  a  study  of  the  constituent  activities  which  are  involved  in  piloting 


a  plane.  iThe  direct  method  has  not  been  employed  although  it  offers  several  ad¬ 
vantages  ^as  well  as  important  difficulties  with  respect  to  equipment,  safety,  experi¬ 
mental  control,  and  cost.  /The  indirect  method  implies  that  the  constituent  acti¬ 
vities  must  be  known  prior  to  experimentation.  I A  job  analysis  of  sufficient  detail 

)  " - p 

to  describe  just  what  the  pilot  does  is  not  yet  available.  (In  the  absence  of 
specific  information,  one  may  probably  assume  that  an  adequate  performance  on 
the  task  of  piloting  an  airplane  requires  much  skill  in  motor  coordination  end 
that  intelligence,  freedom  from  tension,  and  the  ability  to  perform  in  the 
presence  of  stress  are  also  required.  Should  this  be  true,  any  influence  of 
temperature  upon  motor  coordination,  personality,  or  intelligence  would  also 


affect  pilot  performance.*^ The  absence  of  an  authoritative  job  analysis  jiot__ 
only  make's'  it  difficult  to  Judge  which,  of  the  studies  of  heat  are  relevant  to 
the  pilot's  task,  but  also  interferes  with  a  full  examination  of  the__effects_ . 
of  other# types  of  stress. 

I  5.  From  the  standpoint  of  technique,  a  consideration  of  the  effects 
of  temperature  requires  that  humidity  and  ventilation  be  specified,  for  these 
variables  modify  the  effects  of  temperature.^  Attempts  to  integrate  these  three 
variables  into  a  single  measure  have  resulted  in  the  development  of  several 


environmental  indices,  among  which  are 
warmth  (8),  and  standard  operative  tenr 


re  temperature  (97,99),  equivalent 
(which  includes  radiant  tempera¬ 


ture  as  well)  (32)*  These  indices  are  defined  in  Appendix  A,  together  with 
illustrative  charts.  Unfortunately,  investigators  in  this  field  are  not  agreed 
that  a  single  index  or  a  single  measuring  instrument  applies  equally  well  to 


all  situations. 

The  experiments  on  the  effects  of  high  temperature  have  been 
carried  out  under  a  variety  of  conditions,  and  this  variety  sometimes  complicates 
direct  comparison  of  the  findings.  Many  combinations  of  dry  and  wet  bulb  tem¬ 
perature  and  rate  of  air  movement  are  possible,  and  investigators  have  not  al¬ 
ways  confined  themselves  to  a  standard  practice  in  their  experiments.  There 

% 

is  a  lack  of  uniformity  also  in  the  physiological  measures  which  have  been  ob¬ 
served  and  in  the  manner  in  which  these  data  have  been  collected.  The  type  of 
heat  load  imposed  upon  the  subjects  is  not  always  obvious  because  few  attempts 
are  made  to  partition  the  conductive,  convective,  and  radiational  loads. 

_  (  _■  ,  ,  r- — -  -  ,  __ ■Triij^MWar— 

6.  A  temperature  tolerance  for  performance,  called  for  short  a  per¬ 
formance  tolerance  in  this  paper,  is  defined  as  the  temperature  above  which 
some  designated  performance  cannot  be  carried  out.'  f  There  may  well  be  as  many 
performance  tolerances  as  there  *^re  types  of  tasks N-  Some  studies  which  are  con¬ 
cerned  primarily  with  physiological  problems  may  provide  information  useful  in 
delineating  these  performance  tolerances.  For  example,  a  performance  tolerance 
must  fall  at  a  less  extreme  set  of  conditions  of  temperature,  humidity,  and 
ventilation  than  that  at  which  some  dramatic  syndrome,  such  as  heat  stroke, 
regularly  occurs.  ^Ibviously,  a  highly  integrated  performance,  such  as  that 
required  of  a  pilot,  cannot  be  expected  at  temperatures  more  extreme  than  those 
at  which  delirium,  coma,  or  collapse  generally  occur.  The  onset  of  such  dis¬ 
turbances  implies  that  the  human  capacity  for  directed,  purposeful,  and  organized 
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behavior  has  been  exceeded*  -Thus;'  physiological  limits  can  be  used  to  define 
the  upper  possible  temperature  limits  for  unimpaired  performance.  However, 
when  such  a  criterion  is  used,  there  must  remain  considerable  uncertainty  as  to 
the  true  performance  limit.  Without  more  information,  it  is  impossible  to  say 
how  the  efficiency  of  performance  is  affected  under  the  milder  conditions  which 
precede  the  onset  of  serious  symptoms. 

In  the  following  section,  material  will  be  presented  which 
shows  some  of  the  effects  of  heat  in  conjunction  with  other  types  of  physio¬ 
logical  stress.  Thereafter  the  influence  of  high  temperature  upon  several 
varieties  of  performance  will  be  described,  as  gathered  from  studies  of  this 
problem  In  Industrial  as  well  as  in  laboratory  settings.  This  report  does  not 
provide  a  complete  survey  of  the  physiological  literature  in  the  field.*  It 
is  restricted  to  those  studies  which  appear  to  have  a  direct  bearing  on  the 
problem  of  human  performance. 


t-*- 


♦For  general  references  on  the  physiology  of  temperature  the  reader  is  re¬ 
ferred  to  Best  and  Taylor  (10),  Bartley  (5),  McFarland  (68),  and  the  volume 
on  "Temperature"  (103).  There  are  also  the  Handbook  published  by  the  American 
Society  of  Heating  and  Ventilating  Engineers  (101)  and  the  well-known  works  of 
Adolph  (1),  Dill  (23),  and  Bazett  (6).  Hemingway  (44),  Brobeck  (15),  and 
Qagge  and  Herrington  (34)  have  provided  excellent  reviews  of  the  most  recent 
studies  of  the  physiological  reactions  to  heat. 


IV.  Effects  of  Heat  upon,. the  Tolerance  for  Other  Types  of  Physiological  Stress 
A  summary  of  the  effects  of  heat  upon  man  reveals  findings  which  can  be 
qualitatively  distinguished  as  follows:  Jl)_  A  succession  of  effects  upon  the 
human  subject  may  be  observed  as  ambient  temperature  gradually  rises  above  some 
normal,  comfortable  value.  First *  the  subject  may  report  mild  discomfort;  and 
then,  with  further  increases  in  temperature,  his  ability  to  do  simple,  sedentary 
tasks  becomes  limited;  his  temperature  regulating  mechanisms  are  called  into 
full  activity  and  then  embarrassed  as  thermal  equilibrium  disappears;  then 
collapse  or  death  may  occur.  Each  of  these  effects  can  serve  as  the  basis  for 
one  particular  kind  of  tolerance.  Thus  a  series  of  tolerances  can  be  defined 
and  appropriate  experimentation  undertaken  to  determine  the  value  of  each.  De¬ 
termination  of  such  tolerances  involves  the  same  general  theoretical  and  technical 
problems  as  the  measurement  of  any  other  kind  of  threshold  in  the  fields  of 
physiology  or  psychology.  Such  tolerances  can  be  measured  when  thermal  condi¬ 
tions  represent  the  only  kind  of  stress  placed  upon  the  subj  ect  or  when  some 
additional  stress,  e.g.  lpwered  atmospheric  pressure,,  is  applied.  In  both  cases 
a  heat  tolerance  is  being  determined.  (2)  A  qualitatively  different  effect 
would  be  observed  in  an  experiment  devised  to  measure  tolerance  to  some  other 
stress.  For  example,  it  might  be  observed  in  a  centrifuge  experiment  that  a 
rise  in  ambient  temperature  would  lower  the  acceleration  tolerance^  Thus  any 
specification  of  permissible  temperatures  must  take  account  not  only  of  tempera¬ 
ture  tolerances  per  se  but  also  of  the  effects  that  temperature  may  have  upon 
other  tolerances*  ^Sever^l  examples  of  temperature  effects  upon  other 
tolerances  will  be  described  to  serve  as  an  advance  warning  that  temporature 
tolerances  alone,  no  matter  how  precise  they  may  be,  do  not  necessarily  g* re  a 
complete  answer  to  the  temperature  problems  encountered  in  the  operation  of  high 
speed  aircraft. 
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The  simultaneous  imposition  of  several  environmental  stresses  upon  an 

individual* may  be  expected  to  have  an  additive  and,  possibly,  a  cumulative 

v _ 

effect  in  disturbing  his  performance.  This  supposition  is  supported,  not 

without  some  exception,  however,  in  several  studies  reported  below  shoving  the 

effect  of  heat  in  conjunction  with  some  other  stress,  such  as  acceleration, 

noise,  or  anoxia.  In  the  cases  where  an  additive  effect  due  to  stress  is  not 

demonstrated,  this  may  be  because  the  magnitude  at  which  one  of  the  variables, 

as  for  example  noise,  becomes  a  stress  was  not  reached  in  the  experiment. 

1.  Tolerance  to  accelerative  forced  is  lowered  by  high  temperatures. 

Code  et  al,(19)  have  reported  that  the  overall  £  tolerance  of  centrifuged  sub- 

o 

jects  was  0.8  jj  lower  at  temperatures  which  averaged  89  F.  as  compared  with 
63°F.  This  change  is  attributed  to  the  reduced  effectiveness  of  vasomotor 
compensations  in  the  presence  of  the  higher  temperature. 

^/2.  Motion  sickness,  according  to  Hemingway  (45),  may  be  more  preva¬ 
lent  in  the  presence  of* hot  than  of  warm  or  cold  temperature.  Using  a  swing  to 
produce  motion  sickness  experimentally,  he  tested  approximately  1,000  men  in 
the  AAF  at  temperatures  from  32°F.  to  104°F.  Forty-five  percent  of  all  the  men 
showed  some  symptoms  of  motion  sickness.  Although  there  was  no  significant 
difference^  in  incidence  of  sickness  in  the  cold  or  warm  environments,  the  in¬ 
cidence  was  greater  at  temperatures  of  96°F.  to  104  The  group  of  11  indi¬ 
viduals  tested  at  the  latter  temperatures  is  too  snail,  however,  for  the  results 
to  be  significant.  The  author  concluded  that  the  apparent  beneficial  effect 
of  cool  air  on  motion  sickness  is  probably  subjoctlve. 

y  8.  Vitales  and  Smith  (91)  exposed  six  men  to  effective  tenporatures 
up  to  87*V.  (98°F.  dry  bulb  and  81.5°F.  wet  bulb)  over  a  period  of  seven  weeks. 
Boise  levels  of  72,  8Q,  end  90  doclbols  (db)  wore  employed  during  experimental 
sessions  in  which  a  series  of  seven  tests  was  administered!  Mental  Multiplica- 


tion,  Humber  Checking,  Lathe  Test  (hand  coordination)  ,  Typewriter  Code 
(screabled  letters),  Locations  (spatial  relations  test).  Pursuit  (visual 
maze  tracing),  end  Discrimeter  (complex  reaction  time).  There  was  a  deteri¬ 
oration  of  performance  as  measured  by  fall  in  work  output  and  increase  in  error 
rate  on  all  tests  at  87°F.,  effective  temperature,  as  compared  with  73°F.>  ef¬ 
fective  temperature.  This  result  will  be  examined  more  carefully  in  Section  V. 
The  present  interest  centers  in  the  fact  that  the  poorest  performance  occurred 
at  72  db  for  three  of  the  seven  tests,  at  80  db  for  one  test,  and  at  90  db  for 
the  remaining  three  tests.  ^Thus,  there  is  no  consistent  tendency  for  greater 
deterioration  to  be  associated  with  any  one  of  the  three  noise  levels  tested. 
Furthermore,  a  questionnaire  indicated  that  the  subjects,  without  disturbance 
of  attitude,  adjust  rapidly  to  sound  levels  as  high  as  90  db.  The  sound 
levels  and  temperatures  employed  in  this  experiment  were  selected  because  they 
approximate  some  conditions  that  may  be  encountered  at  work  stations  aboard 
ships.  Higher  levels,  both  of  sound  and  temperature,  may  be  expected  on 
certain  aircraft,  but  experiments  have  not  been  found  in  which  the  observations 
have  been  extended  to  such  conditions. 
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The  combined  effects  of  temperature  and  anoxia  were  shown  by 


comparison  of  tho  incidence  of  failure  due  to  anoxia  for  two  experimental 
groups  with  a  control  group  of  2,998  young  men  who  made  routine  indoctrination 
runs  in  a  low  pressure  chamber.  Men  in  the  control  group  wore  winter  flight 
clothes  at  "18,000  feet"  in  a  chamber  refrigerated  to  0°F.  (50).  The  first 
experimental  group  consisted  of  611  men  wearing  dungarees  or  summer  working 
uniforms  during  runs  at  18,000  feet  with  chamber  temperatures  ranging  from 
76°F.  to  97°F.  The  second  experimental  group  consisted  of  559  men  wearing 
heavy  winter  flight  gear  over  summer  uniforms  or  dungarees  during  runs  at 
18,000  feet  end  temperatures  ranging  from  65°  to  97°F.  Men  in  this  latter 


group  were  permitted  to  remove  their  gloves  and  leave  their  jackets  half-opened 
during  the  heated  period. 

The  subjects  were  exposed  to  anoxia  during  the  ascent  and  for 
ten  minutes  at  18,000  feet.  Thereafter,  they  put  on  oxygen  masks.  Subjective 
rating  scales  were  filled  out  prior  to  the  run  and  just  after  the  men  began  to 
breathe  supplementary  oxygen.  The  results  of  the  experiment  are  shown  in 
Table  I,  which  indicates  the  essential  conditions  for  each  group.  Each  of  the 
experimental  groups  is  subdivided  on  the  basis  of  the  prevailing  temperature. 
The  table  shows  the  number  of  subjects  in  each  group  and  subgroup,  and  there¬ 


after  the  number  of  collapses  and  impending  failures.  The  percent  of  failures 


TABLE  I 

Incidence  of  Anoxic  failures  in  Heated  and  Chilled  Run3 

in  a  Low  Pressure  Chamber 

Data  from  Houston 

et  al.(50). 

Chamber 

.. 

Type  of 

temperatures 

No.  subj. 

Collapse*  Impending 

Total 

Failures 

run 

(average  at 
18.000  ft.)  . 

failure** 

No. 

(percent) 

Control 

0°F. 

2998 

2 

9 

11 

0.56 

Wearing 

65°  -  75°F. 

0 

0 

0 

0 

0 

light 

76°  -85°F. 

542 

4 

5 

9 

1.7 

elothes 

86°  -  97°F. 

69 

1 

0 

1 

1.5 

Total 

611 

5 

5 

10 

1.6 

Wearing 

65°  -  75°F. 

99 

1 

1 

2 

2.0 

winter 

.  76°  -  65°f. 

194 

4 

1 

5 

2.6 

flight 

gear 

86°  -  97°F. 

66 

0 

5 

5 

4.5 

Total 

559 

5 

5 

10 

2.8 

♦Includes  Vasomotor  and  Cerebral  types. 

♦♦Includes  Impending  Vasomotor  Collapse. 
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is  shorn  in  the  last  column  of  the  table ^  T?ith  a  single  Inversion,  each  of  the 
experimental  groups  reveals  a  trend  of  more  failures  at  higher  temperatures.  1 
The  incidence  of  failure  in  each  experimental  group  is  considerably  greater  ' 
than  in  the  control^  In  particular,  there  were  nearly  12  times  as  many  failures 
in  the  group  nearing  heavy  flight  gear  at  high  temperatures  as  in  the  control 
group  (4.5  percent  as  compared  with  0.36  percent).  Subjective  complaints  at 
the  higher  temperatures  were  also  more  frequent.  A  further,  more  careful  study 
by  the  same  investigators  has  been  examined  and  found  to  confirm  these  findingsj 
but  the  material  has  not  teen  published.*  A  report  which  shows  a  higher  rate 
of  anoxic  failure  in  certain  older  and  warmer  Navy  low  pressure  chambers  (lacking 
temperature  control)  may  be  considered  also  to  verify  these  findings  (102). 
Vasomotor  collapse  is  a  common  syndrome  of  anoxia  and  of  exposure  to  heat,  and 
it  is  reasonable  to  suppose  that  there  may  be  an  additive  effect  of  simultaneous 
exposure  to  heat  and  anoxia  as  the  data,  in  fact,  appear  to  indicate. 

5.  The  effect  of  high  temperature  upon  aero-embolism  Is  difficult 
to  assess,  although  lt^ appears  that  low  temperature  increases  the  incidence  of 
aero-embolism  in  low  pressure  chambers.  Anthony  (2)  found  that  at  58,OCO  feet 
there  are  12  percent  fewer  cases  of  bends  at  100°F.  than  at  55°F.  Griffin  (40) 
reports  a  lesser  incidence  of  bends  at  55,000  feet  among  subjects  protected 
against  the  cold  than  among  those  who  were  not  protected.  Motley  (71)  found  a 
slight  reduction  in  frequency  of  bends  among  7,664  young  men  as  temperature 
increased  from  75°F.  to  95°F.  at  58,000  feet,  but  the  observed  variation  is 
not  significant.  Smedal  (84)  found  a  slightly  higher  incidence  of  bends  among 
exercising  subjects  (1,751  men  at  26,000  -  30,000  ft  chamber  altitude)  at  room 
temperature  (70°  to  80°F.)  than  at  low  temperature  (-40°  to  -50°F.).  However, 
the  incidence  of  bends  among  resting  subjects  at  both  temperatures  was  so  low 
•Private  communication  from  C.  P.  Seitz. 
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that  no  consistent  trend  could  be  attributed  to  temperature .  In  view  of  these 
findings,  no  conclusion  appears  warranted  at  this  time  concerning  the  effect  of 
high  temperature  on  aero-enbolism.  ^his  example  is  included  merely  to  suggest 
that  elevated  temperatures  do  not  always  lower  other  tolerances  significantly. 


V.  The  Effect  of  Heat  unon  Several  Kinds  of  Performance 

Attention  is  no w  invited  to  the  effect  of  high  temperature  upon  specific 
performances*  Information  of  this  kind  falls  into  two  categories,  according  to 
source,  i.e.  industrial  and  experimental.  Some  industrial  reports  indicate  a 
relation  between  high  temperature  (and  occasionally  humidity)  and  production 
data  and  accident  rates.  Such  data  must  be  evaluated  cautiously  because  certain 
unreported  factors,  such  as  accident  prevention  measures,  safety  education, 
medical  supervision,  and  industrial  morale  may  also  affect  the  efficiency  of 
production.  Often,  in  these  studies,  consideration  is  not  given  to  whether 
the  reported  effects  of  temperature  are  statistically  significant,  tfith  these 
reservations  in  mind,  some  information  from  industrial  sources  nay  be  presented 
to  indicate  that  high  temperature  probably  reduces  production. 

A.  Industrial  Data 

1.  Coal-mining.  According  to  Bedford  (9),  miners  working  at  a  coal¬ 
face  where  the  effective  temperature  was  81^F.  produced  41  percent  less  than 
men  working  where  the  effective  temperature  was  66  °F.  As  measured  by  records 
of  employee  sickness,  Vernon  et  el* (90)  found  that  there  was  a  5  percent  loss 
of  production  time  when  the  temperature  was  bsiow  70°F.J  there  was  a  4*5  per¬ 
cent  loss  when  the  temperature  ranged  from  70°  to  79°F.  and  a  4.9  percent  loss 
when  the  temperature  was  80°F.  or  more.  Vernon  et  el, (89)  report  that  158 
miners  observed  for  an  average  of  96  minutes  rest  7  minutes  per  bow  while 
working  in  favorable  environments  end  22.4  minutes  per  hour  in  unfavorable 
environments.  In  the  latter  condition,  9.6  minutes  ia  required  to  fill  a  one- 
half  ton  tub  of  coal  as  cempared  with  8  minutes  at  the  lower  temperature. 

£.  yinolctlng.  In  a  group  of  tinplate  factories,  the  rate  of  pro¬ 
duction  in  the  hottest  month  of  the  year  was  10  percent  less  than  in  the  coldest 
month.  It  was  estimated  that  this  figure  would  reach  50  percent  in  the  worst- 


wntllrted  factory  rtcra seasonal topeba^^ 

lecording  to  Bedford  (9),  there  are  variations  in  output  in  the  steel,  glass- 
betti,  -Mag,  and  allied  industries  that  clearly  shoe  the  influence  of 

teaperature  upon  perfornaace. 

*'  Ssastag.  Blgh  tenparatures  and  high  humidities 

favorable  for  the  reaving  process,  hut  their  adverse  physiological  effects 

"  reduce  th.  te.par.ture  goes  above  7S°F.  (9). 

4.  islOHUag.  Studies  in  the  gold  fields  she  that  these  Biaers 
have  considerable  tolerance  to  heat.  Caplan  (97,  reported  that  heat  casualties 
«r.  rare  in  the  Koto  Odd  Melds,  a.  fend  acclimatised  men  could  a.„rk«  in 
dry  bulb  top;, natures  of  110°  to  190°F.  Heaver,  heat  casualties  began  to  ap¬ 
pear  at  vet  bulb  temperatures  of  91°F.  to  W<*.  end  .era  frequent  at  94°F.  had 
96»T.  lecordlng  to  Elchn.  (97),  Dreostl  and  gainer  found  that  nude,  wll- 
acclimatlsed  men  could  retain  therod  equilibrium  for  at  least  one  hour  *ile  ' 

wcrklng  at  a  rat.  of  9,000  ft  lb.  per  hour  in  a  completely  saturated  environnout 
of  95°F.  In  the  deep  gold  nines  of  South  Africa. 

8*  toUkns  fgefrora.  A  study  nade  at  a  large  munitions  factory 

during  1914  to  1919  shccd  that  accident  rate  is  related  to  te.pereture.  Average 

ta.per.tur,  and  the  number  of  cuts  end  ether  dnor  accidents  during  each  .ork- 

to  period  .are  racordad,  and  the  has.  accident  rate  ...  daterdned  for  those 

period,  .hen  th.  tdper.ture  ..a  bet.ee  65°F.  and  d9°F.  rhcr.  .aa  a  40  per- 

cant  incraaa.  in  tb.  accident  rats  dong  tbs  men  rten  the  tenper.tnro  res. 
above  75°**.  (9). 

On.  can  sc.rc.ly  doubt  thet  production  1.  reduced  during  prolonged  expose. . 
to  high  temperatures.  lcclU.tls.tion  undoubtedly  inprovea  the  object', 
ability  to  perform  under  exposure  tn  beet  th.  report  free  th.  Koto  Cold 
Fields  illustrates.  „t  bulb  te.per.tur.,  up  t.  91°F.  sppsrently  c  be 
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tolerated  during  heavy  work.  The  studies  of  Bedford  and  of  Vernon  show  that 
some  deterioration  in  heavy  work  nay  be  noted  at  or  below  81^F.  and  79°F.  The 
studies  of  weavers  and  munitions  workers  place  the  upper  temperature  limit  for 
normal  performance  (heavy  work)  at  75°F. 

The  applicability  of  these  studies  to  aircrew  men  is  questionable.  On 
the  one  hand,  it  may  be  argued  that  aircrew  men  are  engaged  in  lighter  work, 
and  accordingly  should  be  able  to  tolerate  temperatures  above  75°F.  without 
adverse  effects.  On  the  other  hand,  the  accuracy,  delicacy,  and  complexity  of 

the  pilot*  s  performance  may  evoke  temperature  limitations  which  do  not  apply  to 

v 

heavy  work.  Conceivably,  heavy  work  could  persist  under  conditions  in  which 
accuracy  or  fine  coordinations  were  severely. limited.  A  group  of  experimental 
studies  will  now  be  examined  to  throw  further  light  on  these  problems. 


The  very  considerable  advantage  afforded  by  studies  performed  in  a 
laboratory  or  under  precisely  recorded  conditions  in  the  field  is  that  the  im¬ 
portant  facts  are  likely  to  be  available  for  analysis  and  evaluation.  Some  of 
the  following  studies  deal  with  a  particular  type  of  performance  which  may  not 
appear  to  be  related  to  pilot  performance.  In  fact,  no  study  has  been  found 
in  which  pilot  performance  under  conditions  of  heat  is  examined.  Accordingly, 
attention  is  directed  to  such  studies  of  performance  as  may  prove  useful  in 
making  some  deductions  concerning  the  effect  of  beat  upot  pilot  efficiency. 

The  underlying  reasoning  is  that  if  some  aspect  of  performance  is  adversely  af¬ 
fected  by  a  particular  temperature  and  this  aspect  of  performance  is  presumably 
required  in  the  operation  of  a  plane,  pilot  performance  will  show  some  deteriora¬ 
tion  at  the  given  temperature. 

1 1.  Reaction  Time.  A  previous  paper  in  this  series  examined  the  ef- 
feet  of  temperature  upon  reaction  time  (£9).  The  general  conclusion  was  that 


i 


"reaction  time  does  not  vary  significantly  with  high  ambient  temperatures  up 

o  o 

to  117  F.  provided  the  vet  bulb  temperature  does  not  exceed  about  86  F.*.  This 

conclusion  is  applicable  to  reaction  time  as  defined  in  traditional  laboratory 

studies,  i.e.j  the  subject  is  prepared  and  forewarned  of  the  stimulus,  the 

stimulus  is  relatively  simple,  and  the  response  is  all-or-none.  The  time  for 

reacting  may  lengthen  at  temperatures  lover  than  117°F.  dry  and  86°F.  vet  bulb 

vhen  the  conditions  of  the  classic  experiment  are  altered.  Performance  on  a 

task  requiring  a  complex  response  is  known  to  lengthen  under  conditions  of 

stress  at  which  simple  tasks  appear  to  be  unaffected. 

2.  Visual  Attention.  The  next  four  studies  to  be  described  comprise 
a  series  in  which  Hackworth  examined  the  influence  of  heat  upon  four  different 
performances.  Thei  tasks  were  called  visual  attention,  Horse  code  reception, 
pursultmeter,  and  weight  pulling.  Table  II  indicates  by  a  mark  (x)  the  tempera¬ 
ture  conditions  in  which  the  several  experiments  vere  carried  outi 


TABLE  II 

Temperature  Conditions  for  Four  Performance  Studies 
Reported  by  Hackworth  (60,64) 


Room 

.  Dry  bulb 

6§ 

75 

55 

9Q 

95 

190 

105 

Experiment  temperature , 

,  Ret  bulb 

69 

65 

75 

80 

85 

90 

95 

°F. 

Effective . 

51 

5? 

7? 

55 

81.5 

52 

97 

Visual  attention 

X 

X 

X 

X 

Morse  code  reception 

B 

B 

X 

X 

X 

Pursultmeter 

X 

X 

X 

X 

X 

Veigbt  pulling 

X 

X 

X 

X 

X 

X 

All  the  experiments  involved  three  hour  work  periods  in  the  heat  except  in  the 


visual  attention  task  where  a  two  hour  period  was  employed.  The  air  velocity 
in  the  room  was  always  100  feet  per  minute.  The  subjects  were  dressed  only  in 
gym  shoes  and  whits  tropical  shorts.  Plenty  of  unsalted  water  was  at  hand, 
and  each  man  had  an  additional  daily  ration  of  10  grams  of  salt. 

I  The  effect  of  heat  is  to  increase  the  percentage  of  missed 
signals  in  a  visual  attention  task  (61,64).  A  "clock  test"  was  used  to  produce 
a  situation  of  prolonged  visual  attention  similar  to  that  encountered  hy  radar 
operators  and  others  in  watch-keeping  duties.  A  black  pointer  Jumped  once 
every  second,  like  the  second  hand  of  a  large  clock,  100  of  these  movements 
making  the  full  circle.  At  irregular  intervals,  the  pointer  moved  through  double 

the  usual  distance,  and  the  subject  was  required  to  press  a  Horse  key  whenever 

i 

this  occurred.  An  error  consisted  of  each  instance  in  which  the  subject  failed 
to  respond  within  8  seconds  to  the  larger  movement,  48  of  which  were  presented 
in  the  two  hour  test  periods.  ^ 

The  69  subjects  practiced  the  test  and  were  acclimatized  to  heat 
over  a  period  of  two  weeks  by  daily  exposures  of  two  hours  to  effective  temper¬ 
atures  of  87°F.  on  the  first  day,  92°F.  on  the  second  day,  and  97°F.  on  the 
third  day  and  thereafter. 

The  data  for  percent  of  missed  signals  and  for  average  response 
time  are  presented  in  Figure  6.  Statistical  analysis  of  the  data  for  errors 
shows  that  the  minimum  which  falls  at  79°F.  E.T.*  is  reliably  different  from 
the  other  three  values.  At  present  no  significance  is  attached  to  the  improve¬ 
ment  for  79°F.  E.T.  as  compared  with  70°F.  E.T.  except  that  it  indicates  normal 

i  ' 

performance  up  to  at  least  79°F.  E.T.  As  compared  with  79°F.  E.T.,  87.5°F.  E.T. 
Introduces  demonstrable  deterioration  in  vigilance  and  yet  doss  not  cause  slowing 
of  the  particular  response  required  of  the  subject.  There  can  be  no  question 


♦Effective  temperature. 


that  visual  attention  is  required  of  pilots  and  apparently  this  activity  is  af¬ 
fected  adversely  at  87.5°F.  E.T.  If  certain  aspects  of  flight  conditions  can 
be  presumed  to  depend  upon  the  type  of  vigilance  measured  in  Mackworth's  ex¬ 
periment  (other  things  being  equal),  some  deterioration  in  performance  may  be 
anticipated  at  87.5°F.  E.T.  and  above. 

8.  Morse  Code  Reception.  In  another  study,  Mackworth  (62)  examined 
the  effect  of  heat  on  the  performance  of  11  men  with  different  degrees  of  pro¬ 
ficiency  in  listening  to  and  writing  down  Morse  code  messages,  a  task  which 
Involves  high  speed,  semi-automatic  work.  The  men  were  acclimatized  to  heat 
by  exposures  for  three  hours  to  an  effective  temperature  of  97°F.  5  days  each 
week  over  a  period  of  11  weeks  for  one  sub-group  and  6  days  a  week  over  7  weeks 
for  another  sub-group.  During  this  period,  the  sub-groups  were  given  5  and  7 
weeks  of  practice,  respectively,  in  receiving  Morse  code  messages,  the  differ¬ 
ence  in  practice  being  designed  to  bring  them  to  a  common  level  of  proficiency. 

The  test  periods  in  the  five  experimental  environments  were  also  three  hours 
long,  during  which  time  the  men  received  and  wrote  down  code  messages  at  the 
rate  of  22  five-letter-and-number  groups  per  minute.  Three-minute  rest  periods 
were  allowed  after  every  16  minutes  of  work.  The  men  were  informed  of  the 
accuracy  of  their  work. 

The  subjects  were  arranged  in  rank  order  of  ability  and  placed 
in  three  groups  on  the  basis  of  their  performance  in  the  two  mildest  environ¬ 
ments.  In  increasing  order  of  ability,  these  groups  were  called  "competent,* 

■very  good,"  and  "exceptional"  operators.  Figure  7  presents  the  average  number 
of  mistakes  per  man  per  hour  for  the  three  groups.  It  may  be  noted  that 
the  temperatures  chosen  for  study  differ  from  those  of  the  preceding  study. 

Several  relationships  are  evident  in  Figure  7.  ( 1)  _The  general  trend  ofLall^^ 

the  curves  suggests  positive  acceleration.  Such  u  trend  implies  that  performance 
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Figure  b  percentage  of  missed  signals  and  average  response  time  on  a  visual  attention 

TASK  (CAMBRIDGE  CLOCK  TEST )  AT  VARIOUS  ROOM  TEMPERATURES.  DATA  FROM  MACKWORTH  («4). 


AVERAGE 


begins  to  deteriorate  gradually  at  first  and  th 


and  more  rapidly  as  the 


environment  imposes  greater  thermal  stress  upon  the  operator.  Since  performance 

- ....  ,  ,  . . .  .  ..  .  - 

deteriorates  gradually,  some  criterion  must  be  established  in  order  to  judge 

the  level  of  heat  at  which  the  performance  becomes  unacceptable.  More  de¬ 
terioration  may  be  permissible  in  some  situations  than  in  others.  (2)  While 
for  all  three  groups  the  striking  deterioration  occurs  at  the  highest  tempera¬ 
ture  studied,  there  is  a  suggestion  that  the  onset  of  deterioration  occurs  at 
lower  temperatures  for  the  less  accomplished  individuals.  (3)  The  performance 


impairment  is  greater  for  the  less  proficient  telegraphers.  Both  the  number 
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of  errors  and  the  percentage  increase  in  errors  are  much  greater  for  the  "coo¬ 
's 

patent"  and  "very  good"  operators  than  for  the  "exceptional"  men.  / 

I  Two  practical  implications  appear  to  follow  from  this  study: 

(1)  Training  to  a  higher  level  of  skill  may  serve  as  a  partial  antidote  to 
the  adverse  effects  of  temperature  stress  upon  behavior.  (2)  The  temperature 
should  be  kept  below  92°F.  E.T.,  in  order  to  avoid  deterioration  of  performance 
on  this  type  of  task.  n 

4.  Pursuitmeter  Performance.  In  a  third  study,  Mackworth  (60)  asked 
10  subjects  to  practice  for  a  week  on  two  pursuitmeters  which  differed  in  that 
manipulation  of  the  control  lever  by  the  subject  required  light  work  on  one 


apparatus  and  heavy  work  on  the  other.  A  mechanically  controlled  pointer 


moved  to-and-fro  in  an  erratic  manner.  The  subjects  raised  or  lowered  a  hori¬ 
zontal  lever  to  follow  with  a  second  pointer  the  rapid  changes  in  position  of 
the  machine  pointer.  Any  separation  of  the  pointers  was  mechanically  cumulated 
to  provide  a  total  error  score  at  the  end  of  each  run.  The  subject's  lever  on 
the  heavy  pursuitmeterjcarrled  a  60  lb  weight  attached  close  to  the  grip.  Bi- 
manual  operation  was  necessary.  On  tho  light  pursuitmeter  a  finger  control, 
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rather  than  a  weighted  lever,  was  installed.  While  working  for  three  hours 
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avekase  number  or  mistakes  rtn  man  pen  ha. 


at  these  tasks,  the  subject  was  exposed  to  one  of  several  temperature  condi¬ 
tions.  Q 
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Figure  8  shows  the  average  error  score  on  the  two  tasks  during 

each  of  the  three  hours  of  work  in  the  different  environnents.  Several  items 
of  interest  may  be  pointed  out.  (1)  More  errors  occur  on  the  test  which  re¬ 
quires  greater  manual  exertion.  (2^.  On  both  tasks,  the  number  of  errors  per 
hour  increases  progressively  with  increased  duration  of  work  and  exposure  to 
heat.  (3)  The  rate  at  which  performance  deteriorates  during  the  exposure  to 
heat  is  greater  at  the  higher  temperatures.  (4)  Impairment  is  not  evident  at 
87.5°F.  E.T.,  but  is  measurable  at  92°F.  E.T.  for  those  tasks.  Thej»ractical 
implication  from  this  study  is  that  the  temperature  should  be  kept  below  87.5°F. 
E.T.  in  order  to  avoid  deterioration  in  performance  on  a  task  involving  motor  co¬ 
ordination  for  long  periods  of  time. 

5.  freight  Pulling.  Using  «u  arm  ergograph,  ulackworth  (63)  had  30 
subjects  bend  and  straighten  their  arms  while  grasping  a  handle  attached  by  a 
rope  running  over  a  pulley  to  a  15  lb  weight.  The  subjects  were  instructed  to 
raise  and  lower  the  weight  once  every  two  seconds  until  they  were  incapable  of 
further  work.  The  work  load  was  about  50  ft-lbs  every  2  seconds,  since  the 
weight  moved  a  maximum  of  2  feet.  Measurements  of  the  respiratory  exchange, 
made  by  a  breathing  bag  method,  suggest  that  the  task  may  be  considered  a 
heavy  work  load  since  muscular  energy  was  used  at  the  rate  of  about  510  k 
cal/hr.  Work  output  wa3  measured  in  arbitrary  absolute  units,  where  a  two- 
inch  trace  on  a  tape  recorded  a  movement  of  the  weight  through  •  distance  of 
two  feet.  The  men  practiced  the  task  and  were  acclimatised  to  heat  over  a 
period  of  two  weeks  by  daily  exposures  of  three  hours  to  effective  temperatures 
of  92°  to  95°F. 


The  tests  were  accomplished  under  two  conditions  of  incentive. 
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AVERAGE  ERRORS 


Under  the  low  Incentive  or  control  condition,  the  men  worked  alone  and  with  no 
knowledge  of  their  results.  Under  the  high  incentive  condition,  the  men  ob¬ 
served  the  tracings  of  their  work  effort  and  were  encouraged  by  the  experimenter 
to  exceed  their  previous  scores  and  those  of  the  other  men.  The  men  acted  as 
their  own  controls  since  each  of  the  50  subjects  worked  under  both  conditions 
of  incentive. 
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As  shown  in  Figure  9,  there  can  be  no  doubt  concerning  the 


decrement  of  work  output  with  increased  environmental  stress  under  both  con¬ 
ditions  of  incentive ^At  the  most  extreme  temperature,  this  is  a  reduction  in 
output  of  56.1  percent  from  their  best  performance  when  they  are  6trongly 
motivated  and  39.8  percent  when  they  are  less  motivated^  kith  61°F.  E.T.  as 


a  basis  of  comparison,  the  amount  of  deterioration  in  performance  is  statisti¬ 
cally  significant  at  85°F.  E.T.j  when  69°F.  E.T.  is  the  base,  the  deterioration 
is  significant  at  87.5°F.  E.T. 

The  design  of  this  experiment  permitted  Mackworth  to  examine 
the  role  played  by  incentives  during  varying  conditions  of  stress.  The  average 
work  output  was  85.1  units  for  all  the  test  sessions  in  which  the  men  were 
strongly  motivated  and  52.4  units  for  those  in  which  they  were  less  motivated, 
an  increase  of  58  percent  due  to  the  incentive.  A  *'urther  analysis  w&3  made 
to  determine  the  relation  between  the  men's  competence  on  the  task  and  the  de-  , 
free  of  incentive.  For  this  purpose,  the  men  were  ranked  in  order  of  ability 
on  the  test  as  shown  by  their  scores  at  the  two  lowest  temperatures.  The  best  15 
men  were  considered  to  be  "good"  and  the  other  15  were  considered  to  be  "average" 

I  • 

Figure  10  shows  the  work  output  of  the  good  and  average  men  under  the  two  con¬ 
ditions  of  incentives.  The  following  observations  may  be  madet  (1)  while  a 

0—e  Hi  I  * . . 

high  incentive  Is  always  associated  with  a  greater  work  output  both  for  good 
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end  arerage  subjects,  the  improvement  due  to  high  incentive  becomes  less  as  the 


degree  of  beat  ie  increased]  (2)  as  heat  increases,  the  work  output  of  the 


•good  subjects,  both  with  high  and  low  incentive,  decreases  more  markedly  than 
does  that  of  the  average  subjects;  (3)  as  heat  increases,  the  work  output  of 


the  highly  motivated  men,  both  with  good  and  average  subjects,  decreases  more 
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than  does  that  of  the  less  motivated  men.  In  this  experiment,  all  groups  of 
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subjects  showed  some  decrement  of  performance  as  *he  degree  of  heat  increased. 
The  greatest  deterioration  was  shown  by  the  good  subjects  with  high  incentive, 
followed  by  the  good  subjects  jrith  low  incentive;  still  less  deterioration  was 
shown  by  the  average  subjects  with  high  incentive  while  the  least  deterioration 
was  shown  by  the  average  subjects  with  low  Incentive. 


A  pei 
city  of 


performance  on  almost  any  task  reflects  both  the  willingness 


and  the  capacity  of  the  subject  to  perform.  It  becomes  difficult,  therefore, 
to  determine  in  an  experiment  whether  an  impaired  performance  in  the  presence 
of  stress  is  a  function  of  reduced  willingness  or  of  reduced  capacity  to  perform 
Because  heat  tends  to  distract  an  individual,  it  has  been  suggested  that  one  of 
its  psychological  effects  is  to  reduce  motivation.  This  may  well  be  the  case, 
but  the  findings  in  Mackworth's  experiment  support  the  view  that  heat  reduces 
the  subject's  willingness  to  perform  at  the  same  time  that  his  capacity  to  per¬ 
form  is  being  impaired.  This  study  has  shown  that  the  largest  decrement  of 
performance  is  Suffered  by  those  men  who  at  the  outsat  were  more  competent  as 
wall  as  more  highly  motivated.  While  it  would  be  premature  to  identify  the  com¬ 
plex  performance  of  a  pilot  with  the  relatively  simple  task  of  lifting  weights, 
further  study  of  pilot  performance  under  heat  stress  may  well  employ  this  type 


of  experimental  design 


Dental  design.  \  —  ,  ;  .-y 
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V  Thera  is  "an  apparent  inconsistency  between  the  findings 


on  the 


Morse  code  test  that  the  " excap tional"  operators  deteriorate  less  than  do  those 
who  are  merely  "competent"  and  on  the  weight  pulling  test  that  the  good  subjects 


deteriorate  more  than  do  the  average  ones 


.  (it  is 


resolved  readily  enough  if  one 


supposes  that  the  factors  of  motivation  and  capacity  are  both  involved.  Ac- 
cording  to  this  supposition,  good  subjects  who  have  been  working  close  to  their 
Maximum  capacity  will  show  deterioration  in  the  heat,  whereas  those  who  pre¬ 
viously  have  not  been  working  at  their  maximum  capacity  can  work  a  little  harder 
in  the  heat  and  thus  appear  not  to  be  affected.  While  this  is  a  plausible  ex¬ 
planation  of  the  disparity  between  the  two  experiments,  further  scrutiny  of 
this  point  appears  to  be  indicated. 

In  a  recent  summary  of  his  work,  ilackworth  (65)  comments  briefly 
on  experiments  in  the  heat  with  two  other  measures.  A  block  ceding  test  was 
used  to  measure  the  effect  of  heat  on  a  task  which  involved  moderately  diffi¬ 
cult  problems.  Small  flat  squares  had  to  be  arranged  on  a  board  according  to 
a  series  of  coded  Instructions.  Twelve  acclimatized  men  showed  the  following 
average  errors  at  various  effective  temperatures  (as  estimated  from  a  graph): 

JBECaS&Lza  IgBEffiCafefflfcL-SL.  Average  .errors  per  series 
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There  is  a  statistically  significant  increase  in  errors  at  87.5  F.  E.l.  as  com¬ 
pared  with  79°F.  or  83°F.  E.T. 

In  a  preliminary  experiment  on  the  effect  of  high  temperatures 
on  restlessness  during  sleep,  six  men  slept  at  night  for  two  weeks  In  a  room  at 
79°F.  and  two  weeks  at  87.5°F.  E.T.  The  days  were  spent  outdoors  in  the  ambient 
temperatures  normal  for  Britain  during  autumn  and  winter.  A  measure  of  restless¬ 
ness  was  the  recorded  number  of  movements  per  subject  for  the  period  from  mid¬ 
night  to  7  A.U.  There  was  an  increase  of  50  percent,  found  to  be  statistically 
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significant,  from  the  number  of  movements  at  79  F.  to  those  at  87.5  F.  E.T. 

Taking  all  of  Uackworth's  studies  together,  one  may  conclude  that 


some  performance  on  each  tack  was  possible  for  the  duration  of  the  test  (2  to  3 
hours)  up  to  the  highest  temperatures  tested.  However,  there  were  varying  de¬ 
grees  of  impairment  on  the  several  tasks,  probably  related  to  the  nature  of  the 
task,  the  magnitude  of  work  load,  motivation,  and  the  general  level  of  competence 
of  the  subjects.  Using  performance  at  the  lowest  temperatures  as  a  base  value, 
one  can  see  that  the  percentage  of  errors  at  the  highest  temperatures  increased 
by  approximately  7  percent  on  an  attention  task  (visual  attention  test),  6C2 
percent  on  a  speed  and  accuracy  task  (Morse  code  reception),  17  percent  on  a 
light  end  20  percent  on  a  heavier  motor  task  (pursuitmeter),  39  percent  on  the 
weight  pulling  task,  and  105  percent  on  the  block  code  test.  The  large  increase 
of  errors  on  the  speed  and  accuracy  task,  upon  exposure  to  heat,  appears  due 
to  the  unusual  deterioration  shown  by  the  less  experienced  Morse  code  operators. 

A  numerical  comparison  oi  cho  degree  of  loss  on  the  several  tests  cannot  be 
made  with  the  present  data  because  the  different  error  scales  have  not  been 

equated.  Some  impairment  in  performance  is  demonstrable  at  such  temperatures 
0  0 

as  79  F.  and  83  F.  E.T.,  but  the  extent  of  loss  is  not  statistically  signifi¬ 
cant  until  an  effective  temperature  of  87.5°F.  is  reached  for  the  visual  atten¬ 
tion,  weight  pulling,  and  block  coding  tests  end  92°F.  E.T,  for  the  Morse  code 
and  pursuitmeter  tests.  The  effect  of  high  temperature  in  reducing  output  ap¬ 
pears  greater  upon  individuals  who,  because  of  a  high  degree  of  motivation, 
have  been  working  closer  to  the  limit  of  their  capacity.  Performance  on  a 
task  which  requires  a  large  physical  effort  is  likely  to  be  impaired  more  la 
the  presence  of  heat  than  performance  on  a  similar  task  which  requires  a  lesser 
physical  effort. 

8*  Bicycling.  The  ability  to  maintain  an  imposed  rhythm  on  a  bicycle 
ergometer  was  found  to  drop  off  considerably  at  104°F.,  50  percent  relative 
humidity,  as  contrasted  with  performance  at  68°F.,  50  percent  relative  humidity. 


Rate  of  breathing  was  increased  at  the  higher  temperature,  end  it  took  longer 
to  return  to  normal  after  work  at  the  higher  temperature  (57). 

7.  Weight  Lifting.  Ken  were  required  to  lift  a  5  lb  dumbbell  a  dis- 

o  o 

tance  of  2.5  feet  at  temperatures  of  68  F.  and  75  F.,  under  conditions  of  fresh 
or  stagnant  air  at  each  temperature  (105).  They  were  paid  a  bonus  for  the 
amount  of  work  performed.  There  was  a  drop  in  performance  of  14.7  percent  due 
to  the  increased  temperature  and  of  8.8  percent  due  to  the  stagnant  air.  The 
greatest  loss  in  output,  of  about  24  percent,  occurred  in  the  combined  condi¬ 
tion  of  higher  temperature  end  stagnant  air.  It  may  be  recalled,  in  this  con¬ 
nection,  that  Mackworth's  data  on  weight  pulling,  previously  reported,  also 
showed  a  decrease  in  performance  with  heat  on  a  similar  task. 

8.  Motor  Coordination.  In  a  study  of  psychomotor  performance, 

Weiner  (93)  used  a  perforated  disk  which  was  rotated  at  constant  speed,  84  steel 
ball-bearings  of  3/8  inch  diameter,  and  a  forceps.  The  test  required  the  sub¬ 
jects  to  pick  up  the  balls  by  means  of  the  forceps  ft om  an  inner  series  of 
holes,  place  them  as  quickly  as  possible  in  an  outer  series,  and  finally  re¬ 
place  them  in  the  inner  series  of  holes.  All  balls  must  be  In  place  to  complete 
the  test. 

Four  subjects  practiced  the  test  for  throe  weeks,  but  were  not 
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acclimatized  to  heat.  After  a  two  hour  exposure  to  91  F.  E.T.  (95  F.  dry 
bulb,  90°F.  wet  bulb,  30  ft/minute  air  movement),  the  average  time  to  complete 
the  test  increased  by  8  percent  over  control  tests  at  ordinary  room  temperature 
(65°  to  68°F. ,  dry  bulb).  There  was  no  appreciable  change  in  rectal  tempera¬ 
ture.  Another  group  of  six  subjects  practiced  on  the  test  and  were  acclimatized 
to  heat.  In  addition,  they  worked  in  the  heat  by  climbing  on  a  12 -inch  block 
24  times  per  minute  for  20  minutes,  with  a  pause  of  5  minutes  after  the  first 
ten  minutes.  The  psychomotor  test  was  conducted  in  the  beat  an  hour  after  the 


work  was  completed,  at  which  time  pulse  rate  was  steady  and  rectal  temperature 
was  about  101°F.  The  men  required  an  increase  of  14  percent  over  the  control 
time  to  complete  the  test.  There  was  no  significant  difference  between  the 
means  of  performances  in  ordinary  room  temperature,  whether  or  not  exercise 
was  carried  out  prior  to  the  tests.  Accuracy  was  reduced  in  the  heat,  as 
judged  by  an  increase  of  32  percent  in  the  number  of  balls  dropped.  Again,  the 
accuracy  of  the  performance  at  normal  room  temperature  wa3  the  same  whether  or 
not  there  had  been  previous  exercise.  Hrmd  movements  in  the  heat  were  slower 
by  6  percent  for  the  time  to  move  each  ball,  a  difference  not  due  to  exercise 
in  the  normal  room  temperature  tests.  All  the  differences  due  to  the  effect 
of  heat-and-exercise  are  statistically  significant. 

In  another  part  of  the  experiment,  a  single,  nude  subject  lived 
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continuously  for  13  days  at  effective  temperatures  of  82  F.  to  95  F.  This  sub¬ 
ject  showed  in  the  hot  room  an  increase  of  13.2  percent  in  the  test  time  on  the 
first  4  days  but  an  increase  of  only  4.3  percent  on  the  last  6  days.  The  mean 
number  of  errors  (balls  dropped)  decreased  constantly,  showing  the  effect  of 
learning  and  acclimatization j  but  the  mean  time  per  movement,  which  was  at 
first  prolonged  from  1.11  to  1.28  seconds,  decreased  with  acclimatization  to 
1.19  seconds.  It  would  appear,  therefore,  that  all  subjects  exposed  to  heat 
showed  a  deterioration  in  performance  as  expressed  in  slower  movements  end 
■ore  Inaccurate  handling  of  the  balls]  this  deterioration  Is  somewhat,  but  not 
entirely,  reduced  with  acclimatization. 

>4  Pgychemotor  and  Other  Tests. 

a.  Pace  et  al.  (73)  exposed  two  groups  of  six  men  tech  to  a 
tropical  environment  (dry  bulb  90°F.,  wet  bulb  63°F.,  relative  humidity  75  per¬ 
cent,  effective  temperature  85°F.)  for  nine  hours  daily.  Both  groups  also  spent 
three  hours  each  day  performing  treadmill  work  tests  in  a  hot  environment  (dry 
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bulb  108 °F. ,  wet  bulb  83°F.,  relative  humidity  35  percent,  effective  tempera¬ 
ture  90°F.).  In  fact,  the  experimental  and  control  groups  were  given  identical 
treatment  except  that  the  experimental  group  remained  in  the  tropical  environ¬ 
ment  for  12  hours  at  night,  while  the  control  group  returned  to  a  cool  environ¬ 
ment.  Thus,  at  the  times  during  which  measurements  were  made  and  work  was 
performed,  the  two  groups  were  in  the  same  environment.  These  exposures  con¬ 
tinued  for  50  days,  being  both  preceded  and  followed  by  Control  periods  of  six 
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days  each  in  the  cool  environment  (dry  bulb  80  F.,  wet  bulb  90  F.,  relative 

o 

humidity  61  percent,  effective  temperature  75  F.). 

A  wide  variety  of  physiological  and  psychological  measurements 
were  made,  but  attention  will  be  restricted  to  the  latter,  r.o  psychomotor 
tests  employed  and  the  general  tenor  of  the  results  may  be  seen  in  the  follow¬ 
ing  listing: 

A.  Tests  showing  general  superiority  of  ex¬ 
perimental  group  (hot  environment  at  night' 

1.  Reaction  Time,  Complex  Visual 

2.  Reaction  Time,  Two-choice  Visual 

B.  Tests  showing  occasional  superiority  of  ex¬ 
perimental  group 

1.  Critical  Flicker  Frequency 

2.  Limits  of  the  "Red"  Visual  Field,  using 
Fcrree-Rand  visual  perimeter 

C.  Tests  showing  general  superiority  of  control 
group  (cool  environment,  at  night) 

Rone 

D.  Tests  showing  occasional  superiority  of  con¬ 
trol  group 

•  1.  Body  sway  In  a  four-minute  period  (eyes 

open  two  minutes,  then  closed  two  minutes) 

2.  Complex  tapping 
41. 


E.  Tests  showing  no  reliable  differences  be¬ 
tween  the  groups 

1.  Johnson  C  de  Test,  identifying  letters 
according  to  various  code  rules 

2.  Computation  Test,  three-digit  mixed  ad¬ 
dition  and  subtraction  problems 

3.  Dark  Adaptation,  Navy  Radium  Plaque 
Adaptometer* 

4.  Hand  Dynamometer,  measuring  strength 
of  grip 

5.  Hearth  Pursuit  Rotor  Test,  stylus  on  a 
moving  target 

6'.  Reaction  Time,  Auditory 

7.  Hand-Arm  steadiness. 

The  two  visual  reaction  time  tests  listed  under  "A"  in  this  out¬ 
line  as  showing  the  general  superiority  of  men  continuously  exposed  to  a  "hot" 
environment  might  suggest  that  raised  temperature  increases  the  speed  of  visual  . 
responses.  The  tests  listed  under  "B"  would  tend  to  support  the  suggestion.  B°v- 
•ver,  it  must  be  pointed  out  that  in  the  case  of  tkv  "A*  tests  there  was  some  in¬ 
dication  of  an  initial  difference  in  favor  of  the  experimental  group  and  this 

* 

difference  became  statistically  significant  during  the  course  of  the  study  and 

remained  so  to  the  end.  This  observation  points  o  an  inherent  limitation  in 

the  design  of  the  study.  One  of  the  requirements  for  a  demonstration  of  the 

affects  of  the  imposed  difference  in  environment  is  that  the  experimental  and 

control  groups  must  be  equated  with  respect  to  the  characteristic  prior  to  the 

experiment.  If  more  than  one  characteristic  ia  to  be  measured,  the  principle 

^According  to  the  minute's  of  a  conference  on  "Working  Flficlcncy  and  High  Tem- 
peraturo",  held  23  October  1345  (6),  Cancdim  studies  have  cho  n  that  heat  during 
a  stay  In  the  Caribbean  area  inf  aired  dark  adaptation.  The  finding  under  such 
conditione  la  open  to  cucrtien  because  prolonged  exposure  to  bright  sunlight, 
rathor  than  exporurc  to  heat  per  reP  may  impair  dark  adapts  *.i  :n,  as  rho$vn  by  Hocht 
(42).  In  addition,  Clark  (13)  has  reported  that  prolonged  <*e  c'-ure  of  on*  eye  to 
sunlight  in  a  hot  climate  impairs  dark  adaptation  cnly  in  the  txposed  eye. 


applies  to  each  of  them.  When  there  are  13  tests  plus  a  number  of  physiological 
measures,  as  in  this  study,  it  is  exceedingly  difficult  to  obtain  adequate 
matching  for  every  test.  An  initial  difference  between  the  groups,  though  too 
small  to  be  statistically  reliable,  may  become  reliable  as  a  result, of  stabili¬ 
sation  of  the  subjects*  performances.  The  performance  of  each  subject  becomes 
less  variable  with  practice:  the  standard  deviation  diminishes  and  this  serves 
to  increase  the  statistical  reliability  of  any  observed  difference  between  the 
groups.  Thus,  the  suggestion  of  a  beneficial  effect  of  high  temperature  must 
be  questioned  for  lack  of  adequate  evidence. 

The  tests  listed  under  "B"  and  "D"  led  to  significant  differences 
favoring  one  group  or  the  other  on  one  or  more  days  of  the  experiment.  The  dif¬ 
ferences,  however,  were  not  found  regularly.  An  overall  summary  of  the  psycho¬ 
logical  tests  suggests  that  no  striking  difference  in  performance  is  demon¬ 
strated  between  the  two  groups  on  a  series  of  simple  tasks.  This  inference  is 
in  line  with  the  usual  findings  for  conditions  of  moderate  stress.  Bartlett 
(6),  for  example,  has  noted  that  measures  of  simple  performance  rarely  provide 
an  Index  of  capacity  for  breakdown  under  any  except  the  most  extreme  conditions. 
This  observation  was  often  made  in  examining  the  effect  of  anoxia  upon  human 
performance.  As  evidence  that  Pace's  "hot"  environment  did  entail  some  stress 
for  the  subjects,  it  may  be  noted  that  the  prolonged  exposure  to  heat  produced 
s  heat  rash,  whereas  this  rash  did  not  appear  on  the  subjects  of  the  control 
group. 

b.  Birren  et  al.  (11)  gave  throo  tests  of  poriormanco  to  40  men 

on  a  battleship  during  e  cruise  into  a  tropical  area.  The  ambient  temperatures 
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averaged  76.5  F.  E.T.  on  the  bridge  of  the  ship  and  ranged  up  to  83  F.  E.T.  at 

some  of  the  woik  stations  inside  of  tho  ship.  The  experimental  group  was  berthed 

o 

at  night  in  alr-ccoled  compartments  where  the  mean  temperature  was  76.2  F.  E.T. 


while  the  control  group  was  berthed  in  ordinarily  ventilated  compartments  where 
the  mean  temperature  was  83.6°F.  E.T.  The  highest  mean  effective  temperatures 
reached  for  any  eight-hour  period  were  80.5°F.  E.T.  and  87°F.  E.T.,  respectively, 
for  the  two  groups.  The  following  tests  were  given  before  and  after  the  cruise: 

(1)  Step-up  test  -  The  subject  was  required  to 
step  up  and  down  on  a  bench  18  inches  high 
at  a  fixed  rate  until  he  could  no  longer 
continue.  Measures  were  taken  of  endurance 
tine,  cardio-vascular  response,  and  pulse 
while  standing  before  and  after  exercise. 

(2)  Strength  of  grip  -  A  hand  dynamometer  was 
pulled  at  increments  of  three  kilograms 
•very  three  seconds.  The  score  was  the 
mean  of  the  highest  level  pulled  by  right 

,  and  left  hands. 

(3)  Johnson  code  test  -  The  subjects  unscrambled 
a  series  of  letters  according  to  a  pre¬ 
arranged  code.  There  were  ten  trials  of  one 

,  and  ono-holf  minutes  each,  scored  in  terms 
of  speed. 

The  spend  of  decoding  increased  in  the  experimental  group  and  de¬ 
creased  in  the  control  group,  the  total  difference  between  the  two  groups  being 
about  nine  percent  of  the  original  performance  level.  The  magnitude  of  the 
difference  approeched  statistical  significance  (P  equals  two  to  five  percent) . 
None  of  the  differences  on  the  other  tecta  was  significant. 

c.  Vito lea  and  Smith  (91)  used  a  battery  of  seven  psychological 
test3  to  study  the  performance  of  six  young  men  exposed  to  three  levels  of  heat 
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over  a  period  of  seven  weeks.  The  men  were  selected  from  among  40  candidates  to 
provide  a  homogeneous  group  meeting  the  physical  and  psychological  qualifications 
for  acceptance  by  the  Navy.  Table  III  indicates  the  atmospheric  conditions  ex¬ 
amined.  Only  acenty  information  was  collected  at  the  most  severe  level.  Also, 
three  noise  levels  (72,  80,  and  90  decibels)  were  employed  systematically 
throughout  the  tests;  hut,  as  has  been  noted  previously  in  this  paper,  noise 
introduced  only  a  slight  adverse  effect  which  was  unrelated  to  temperature. 


TABLE  III 

The  Temperature  Conditions  Employed  by  Viteles  and  Smith  (91) 
Effective  Degrees  Fahrenheit  Percent  Relative 


75 

70 

65.5  ' 

79 

60 

88 

75.3 

75 

87 

98 

81.5 

50 

94 

108.5 

90.5 

50 

The  following  performance  tasks  were  used: 

a.  Mental  multiplication  test  -  Problems  requiring  multiplication  of  a 
three-digit  and  a  two-digit  number.  Performance  time  was  one-half 
hour,  and  the  tost  was  scored  by  determining  tho  number  of  correct 
digits  in  the  answers. 

b.  Number  checking  tost  -  Pairs  of  numbers  to  be  examined  and  checked 
when  identical. 

c.  Lathe  tost  -  Two  control  handles,  similar  to  thoao  found  on  lathes 
for  moving  the  cutting  tool,  are  used  to  trace  a  circular  pattern 
with  an  electrified  stylus.  An  error  is  recorded  each  time  the 
stylus  leaves  the  pattern  while  •  correct  response  consists  of 
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tracing  one-sixth  of  the  circle  without  error.  The  test  continued 
for  one  hour. 

d.  Typewriting  code  test  -  A  sheet  with  ten  different  letters  arranged 
randomly  in  long  rows  was  inserted  on  a  special  typewriter  but  a 
shield  on  the  roller  made  it  possible  to  see  only  one  letter  at  a 
time.  The  ten  keys  in  the  top  row  of  the  typewriter  were  pressed 
to  make  responses  according  to  a  given  code.  Test  time  was  one- 
half  hour. 

e.  Discrlmeter  -  The  subject  kept  the  four  fingers  of  his  right  hand 
on  four  keys,  and  pressed  the  correct  one  according  to  a  number 
which  appeared  in  a  small  window.  The  score  was  the  number  of 
correct  responses  in  one-half  an  hour. 

f . .  Locations  test  -  A  large  square,  with  letters  arranged  in  definite 

rows  and  columns,  provided  the  code.  Smaller  squares,  with  dots 
in  the  same  relative  position  as  some  letter  on  the  large  square, 
were  given  to  the  subject.  The  subject  filled  in  the  corresponding 
letter  as  shown  on  the  large,  code  square.  Test  time  was  one- 
half  hour. 

f.  pursuit  test  -  Intertwined  lines  had  to  be  traced  by  eye  from 

their  origin  at  the  left  to  a  block  at  the  right,  and  identified  by 
a  number.  Test  time  was  one-half  hour. 

The  ouhjects  were  given  pre-test  practice  in  those  tasks  on  four 
consecutive  days  during  which  the  effective  temperatures  were  hold,  respectively 
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at  75  ,  73  ,  80  ,  and  87  F.  The  subjects  spent  four  hours  in  the  heat  each 
day  of  the  tests  and,  in  addition,  90  minutes  at  rest  before  the  tests  and  50 
minutes  after  the  tests  whil*.  con.rol  pulse  rates  and  oral  temperatures  were 
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Performance  on  the  different  tests  was  computed  in  terms  of 
output  (the  total  number  of  work  units  performed  without  respect  to  error), 
error  ratios  (total  number  of  errors  divided  by  total  output),  and  variation 
percentages  (the  fluctuation  in  output  among  successive  five  minute  intervals 
of  the  work  period,  expressed  as  percentages) .  Table  IV  presents  the  perform¬ 
ance  output  for  the  different  effective  temperatures.  Maximum  output  on  each 
of  the  individual  tests  was  found  at  either  73°F.  or  80°F.  E.T.,  the  differ¬ 
ences  between  these  two  conditions  being  alight  and  not  statistically  signi- 

o 

ficant.  The  lowest  output  on  all  the  tests  occurred  at  87  F.  E.T.,  the  re¬ 
duction  ranging  from  2.7  to  13«9  percent  of  maximum  output.  This  reduction  in 
output  is  statistically  significant  on  the  four  tests  marked  with 
an  asterisk  in  Table  IV.  There  was  no  reduction  in  accuracy  of  performance  with 

TABLE  IV 

Group  Total  Performance  Output  at  Various  Effective  Temperaturo  Levels 
Data  from  Viteles  and  Smith  (91) 

Group  Output  (Percent  of  Maximum) 


Performance 

73°  ET 

80°  ET 

87°  ET 

Mental  multiplication 

100.0 

99.1 

96.7* 

lumber  checking 

100.0 

99.6 

95.0* 

Lathe 

98.5 

100.0 

8t.l* 

Typewriting  code 

100.0 

98.1 

96.5 

Diacriooter 

100.0 

98.0 

97.5 

Locations 

99.0 

100.0 

97.2 

Pursuit 

98.1 

100.0 

96.5* 

•Statistically  reliable  decrease  in  performance  output. 
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the  Increase  of  temperature  to  87°F.  E.T.  on  any  of  the  tests,  except  for  the 
Lathe  tost  where  the  loss  of  accuracy  was  not  statistically  significant.  There 
was  also  a  tendency  toward  greater  fluctuation  in  the  amount  of  work  done  in 
successive  five-minute  periods  at  87°F.  E.T.  than  in  the  milder  environments. 
However,  the  absolute  difference  was  not  large  on  any  of  the  tests,  and  it  was 
statistically  significant  only  on  the  Number  checking  and  Discrimeter  tests.  In 
agreement  with  the  subjective  comments  reported  in  other  experiments,  all  the 
present  subjects  reported  unfavorable  personal  reactions  such  as  feelings  of 
discomfort,  sluggishness,  irritability,  and  fatigue,  end  these  were  much  more 
marked  at  87°F.  E,T.  than  at  the  milder  conditions  where  no  loss  of  performance 
occurred. 

O'1 

Only  one  session  was  undertaken  at  94  F.  E.T.,  and  insufficient 

data  were  collected  to  permit  quantitative  evaluation.  None  of  the  subjects 

o 

was  able  to  complete  the  task  during  his  first  exposure  to  94  F.  E.T.,  and  all 

reported  such  effects  as  dizziness,  partial  or  complete  visual  blackout,  and 

nausea.  Compared  to  80°F.  E.T.,  there  was  a  reduction  in  output  that  varied 

from  14  to  42.6  percent  for  the  different  tasks.  This  study  demonstrates 

significant  impairment  of  performance  at  87  F.  E.T.  and  a  profound  disturbance 

at  94°F.  E.T.  The  tests  employed  do  not  impose  a  large  work  load,  and  acclima- 
o 

tization  up  to  87  F.  E-T.  was  permitted. 

d.  £rlti£nlwJXi-CH.er_l'x ;qu gnat •  Dobriakova  (24),  in  a  Russian 
language  report  read  only  In  an  English  sunaary,  studied  the  effect  of  warmth 
on  the  critical  flicker  frequency  of  lights  of  several  colors.  Warmth  raises 
the  critical  flickor  frequency  in  the  case  of  the  ornngo-red  and  lowers  it  In 
the  green-blue  portion  of  the  spectrum,  the  yellow  region  being  unaffected. 

This  is  another  of  the  intor-ceneory  effects  occasionally  reported  by  Russian 
investigators.  Some  of  these  effects  have  proved  difficult  for  American 
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laboratories  to  confirm.  Pace  (73)  used  a  red  neon  light  in  his  test  reported 
above  and  found  that  subjects  who  were  exposed  continuously  to  the  heat  exhibited 
a  higher  critical  flicker  frequency  than  subjects  who  were  exposed  only  inter¬ 
mittently.  The  critical  flicker  frequency  test  was  .  dml nistered  under  the  same 
conditions  of  temperature  for  both  groups  in  Pace's  study.  Dobriakova* s  re¬ 
port  would  appear  to  be  consistent  with  that  of  Pace.  However,  the  two  reports 
cannot  be  compared  any  further  because  few  of  the  details  in  the  former  ex¬ 
periment  (as,  for  example,  the  degree  of  "warmth")  are  available  at  present. 

•.  Estimates  of  Rate3  and  Durations.  Fronjois  (31)  used  diathermy 
to  obtain  an  increase  of  internal  temperature  in  his  subjects,  who  were  required 
to  tap  at  a  rate  they  thought  corresponded  to  three  per  aecond.  There  was  an 
increase  of  1.13  percent  in  the  number  of  taps  per  second  in  response  to  these 
Instructions  for  every  tenth  of  a  degree  centigrade  increase  in  body  tempera¬ 
ture.  Increases  of  pulse  rate  were  not  related  to  the  increase  of  tapping.  The 
finding  is  confirmed  by  Hoag] and  and  Perkins  (47),  who  studied  subjects  with 
high  body  temperature  due  to  fever  as  well  os  to  diathermy.  The  subjects  were 
asked  to  count  to  60  at  a  rate  they  believed  to  be  one  per  second.  The  counting 
was  found  to  be  faster  at  the  higher  temperatures.  These  findings  suggest  the 
possibility  that  some  Judgments  involving  timo  may  be  subject  to  error  when 


body  temperature  la  raised. 


Hany  passing  comments  have  been  mule  by  ob^ 


servers  on  the  psychological  effects  of  heat  on  the  personality  of  individuals 
exposed  to  hoat.  Information  of  this  oort  appears  often  in  reports  on  tropical 
medicine,  end  generally  takes  the  fora  of  Indicating  that  lethargy,  loss  of 
motivation,  end  deterioration  of  personality  occur  in  tropical  climates.  Such 
remarks  generally  represent  the  author's  impressions  and  are  not  based  upon  tho 
eoliactlon  of  objective  test  data.  A  typical  instance  of  this  kind  of  report 
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is  by  Sans  (82),  who  says:  "After  some  months  of  exposure  (to  a  tropical 
climate)  the  development  of  these  changes  in  the  blood  count  and  in  the  blood 
pressure  results  in  the  appearance  of  certain  symptoms .. .which  might  be  ex¬ 
pected  with  cerebral  anemia  or  arteriosclerosis.  The  individuals  become  very 
irritable,  they  quarrel  end  fight  over  the  slightest  imagined  insult;  they 
become  extremely  forgetful,  and  I  have  seen  individuals  start  out  to  see  some¬ 
one  and  forget  whom  they  are  going  to  see.. .It  becomes  almost  a  rule  that 
you  must  write  down  everything  in  a  notebook  if  you  are  to  remember  it  longer 
than  fivo  minutes.  Accompanying  this  irritability  and  forgetfulness,  the  in¬ 
ability  to  concentrate  on  a  problem  becomes  very  marked.  Uen  complain  that 
they  are  unable  to  do  their  work  because  they  can't  concentrate  on  it.  There 
Is  nothing  particularly  pew  in  this  syndrome.  However,  few  doctors  recognize 
it  as  a  clinical  entity".  Without  warrant  of  supporting  data,  Adolph  (100) 
says  that  "heat  constitutes  a  severe  stress  that  impairs  judgment  as  well  as 
accomplishment".  So  far  as  con  be  determined,  controlled  measurements  of 
personality  change  have  not  been  made  during  high  temperature  stress. 

While  there  can  be  little  doubt  that  high  temperature,  as  in 
the  case  of  fever,  may  influence  personality,  it  appears  that  the  existing  in¬ 
formation  is  based  upon  general  observation  and  inference  rather  than  upon 
experimental  investigation.  It  is  to  be  regretted  that  objective  information 
is  not  available  concerning  the  effect  of  heat  upon  personality,  and  it  is 
strongly  recommended  that  such  investigation  be  undertaken.  Attention  should 
be  directed  not  only  at  the  extreme  conditions  where  personality  disorganiza¬ 
tion  undoubtedly  occurs  (see,  for  example,  Eichnn's  study  bolow),  but  at  less 
extreme  conditions  as  well.  Prolonged  exposure  to  moderate  heat  nay  constitute 
a  stress  upon  personality  with  an  effect  shown,  for  example,  in  the  breakdown 
of  co-operation  among  crew  membors  on  long  flights. 


*«**•# 


The  results  of  the  performance  studies  reviewed  in  this  section  are  summarized 


in  Table  V. 


bnly  those  test3 


are  listed  for  which  there  are  quantitative  evidence 


of  performance  impairment  due  to  heat  and  a  statement  of  the  temperature  level 
at  which  impairment  occurs.  With  one  exception,  studies  have  been  excluded 
unless  an  estimate  can  be  made  of  the  critical  temperature  at  which  impairment 
may  be  expected.  Two  studies  of  performance  under  conditions  of  heat  have  been 
excluded  from  this  paper  for  reasons  of  security.  Tne  findings,  however,  would 
not  alter  the  present  conclusions. 

The  first  column  of  figures  in  Table  V  show3  the  highest  effective  tempera¬ 
ture  at  which  performance  remained  normal,  and  the  second  shows  the  lowest  tem¬ 
perature  at  which  deterioration  was  noted.  The  deterioration  was  statistically 
significant  for  those  values  marked  by  an  asterisk.  It  would  be  premature  to 
accept  the  table  as  indicating  the  critical  temperatures  at  which  all  varieties 
of  performance  are  bound  to  deteriorate.  These  studies  do  not  represent  an 
organized  survey  of  the  wide  range  of  performances  which  are  possi) le,  and  it 
is  certainly  not  yet  clear  which,  if  any,  are  relevant  to  the  task  of  piloting 
an  airplane.  They  are  preliminary  values,  particularly  useful  for  orienting 
further  investigations,  "hoy  tell  us  that  "normal"  performances  hrvo  been  ©b- 

O  0 

served  at  effective  temperatures  up  to  33  F.,  though  generally  not  above  87  F.j 
and  that  deterioration  may  be  noted  at  70°F.  E.T.  on  some  t-r.ks  but  not  until 
92°F.  E.T.  on  others.  Tho  wide  gap  between  the  temperatures  for  a  "normal"  and 
a  deteriorated  performance  in  Some  studies  Is  duo  to  inadequate  experimental 
design,  where  only  widely  6eporated  temperatures  were  employed.  Takimg  the 
aedian  as  a  representative  single  valuo,  C0°F.  E.T.  «ay  be  euggoated  as  tho 
highest  toraporature  at  which  many  performances  are  still  "normal"|  and  87°F. 

E.T.  as  the  value  at  which  deterioration  may  bo  demonstrated  on  several  tasks. 


TABLE  V 


The  critical  effective  temperatures  (°F.)  at  which  impairment  may  be  demonstrated, 

according  to  various  sources. 


Name  and  type  of  test 

Investigator 

"Normal" 

Performance 

Demonstrable 

impairment 

Typewriter  code  (scrambled 
letters) 

Viteles 

80 

87 

Morse  code  reception 

Mackworth 

87.5 

92* 

Locations  (spa*ial 
relations  cede) 

Viteles 

80 

87 

Block  coding  (problem 
solving) 

Mackworth 

85 

87.5* 

Mental  multiplication 
(problems) 

Viteles 

80 

87 

Humber  checking  (error 
detection) 

Viteles 

80 

87* 

Visual  attention  (clock 
test) 

Mackworth 

79 

87.5* 

Pursuit  (visual  maze) 

Viteles 

80 

87* 

Reaction  time  (simple 
response) 

Forlano 

95  (1)  (2) 

- 

Discrlmeter  (complex 
response) 

Viteles 

80 

®7 

Lathe  (hand  coordination) 

Viteles 

80 

87* 

Pur3uitmeter 

Mackworth 

87.5 

92* 

Motor  coordination 

Weiner 

64.5  «) 

91* 

Ergograph  (weight  pulling) 

Mackworth 

81  <5) 

85.5»(5) 

Bicycle  ergoraeter  (hoavy 
work) 

Liborson 

64.5  <*). 

91.5  (2) 

Weight  lifting  (heavy  work) 

N.Y.  Von til. 

Comm. 

64.5  (2) 

70 

•deterioration  statistically  significant 

(1)  provided  wet  b"lb  does  not  exceed  8*>°P. 

(2)  effective  temperature  estimated  from  data  In  report 
(5)  mid-point  of  a  rongo  of  conditions 
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It  will  be  recognized  that  these  preliminary  estimates  are  subject  to  modifi¬ 
cation  as  a  wider  variety  of  performances  is  explored  and  as  the  experimental 
techniques  are  refined. 

As  a  crude  estimate,  therefore,  of  the  maximum  temperature  at  which  simple 
sedentary  tasks  can  be  undertaken  without  serious  impairment,  85°F.  E.T.  may 
be  suggested.  The  only  study  revealing  impairment  at  a  temperature  level  ap¬ 
preciably  below  this  employed  a  weight  lifting  task,  and  this  task  implies  a 
work  load  greater  than  that  for  sedentary  tasks.  Temperatures  two  or  three 
degrees  higher  than  85°F.  E*T.  lead  to  deterioration  on  a  variety  of  tasks. 
Various  combinations  of  dry  bulb  temperature,  humidity,  and  ventilation  which 
yield  the  same  perceptible  warmth  as  an  effective  temperature  of  85°F.  may  bo 

estimated  from  a  chart  in  the  appendix  of  this  paper. 

o 

The  suggestion  of  85  F.  E.T.  as  a  limiting  temperature  for  normal  per¬ 
formance  must  be  carefully  qualified  in  the  following  ways* 

1^_  Effective  temperature  Implies  there  are  various  combinations  of 
temperature,  humidity,  and  ventilation  which  lead  to  similar  feelings  of  per¬ 
ceptible  wamth.  However,  none  of  the  performance  studies  has  included  a 
systematic  variation  of  theso  environmental  variables  to  determine  whether  or 
not  the  same  level  of  performance  will  be  observed  in  the  several  combinations 
which  yield  tho  same  effective  temperature. j  Mean  radiant  temperature  is  often 

I  ' 

ipjored  as  a  variable  in  those  studlesl  The  present  status  of  information  per¬ 
mits  only  tho  statement  that  there  Is  a  combination  of  ventilation  and  of  dry 

0 

end  wet  bulb  temperatures,  yielding  an  effective  tenporaturo  of,  eay,  87  I*,  at 
which  deterioration  may  bo  observed.  It  is  not  known  whether  the  tenperaturc- 
hunldity-ventilatlon  interrelationships  demonstrated  for  physiological  re¬ 


sponses  (see  Sections  VI  and  VII)  apply  also  to  performances 


rlologi 

•J 


2»  The  principal  criterion  of  deterioration  employed  In  the  atudles 


i 


referred  to  in  Table  V  has  been  a  statistically  reliable  difference  between  the 
average  performance  under  heat  and  some  control  condition.  Deterioration  is 
said  to  have  been  demonstrated  when  performance  is  measured  under  two  conditions 
differing  only  in  thermal  environment  end  when  the  measures  in  the  more  extreme 
environment  present  an  unfavorable  comparison  with  those  of  the  less  extreme 
environment  by  an  amount  which  exceeds  chance  or  sampling  variation.  The  ef¬ 
fects  of  this  magnitude  of  behavioral  deterioration  upon  successful  operation 
of  high  speed  aircraft  are  uncertain.  The  criterion  implies  that,  in  general, 
there  will  be  a  handicap  in  performance  specifically  attributable  to  tempera¬ 
ture  when  thermal  conditions  exceed  the  critical  levol  for  that  performance. 
This  handicap  may  bo  serious  when  a  man  is  working  near  the  limits  of  his 
capabilities.  The  imposition  of  a  thermal  handicap  might  be  particularly 
detrimental  to  those  men  who  are  not  fortified  by  extensive  training  and  ex¬ 
perience.  A  reasonable  hypothesis  is  that  trangression  of  the  thermal  toler¬ 
ances  of  performance,  as  they  have  been  defined  above,  will  increase  the  fre¬ 
quency  and  severity  of  those  events  and  accidents  which  are  often  ascribed  to 
■pilot  error". 

L5.  As  suggested  in  Section  III,  performance)  studios  in  this  field 
yed  relatively  simple  tasks j  and  the  effects  upon  more  elaborate 
activities  remain  unknown.  Piloting  a  plane  often  presents  situations  which 
are  both  complicated  end  complex*  complicated  in  the  sense  of  many  contingencies 
which  must  guide  each  movemcn.  of  the  pilot,  end  complex  in  tho  sense  that  many 
different  operations  must  proceed  simultaneously  or  in  rapid  succession.  It 
■ay  be  conjectured  that  tho  effect  of  heat  may  be  more  pronounced  or  complex 
than  on  simple  tasks.  In  eny  case  it  is  already  clear  that  exposure  to  heat 
results  in  a  definite  impairment  of  performance, 
oust  be  worked  out  In  further  experimentation. 


the  full  details  of  which 


VI*  Comparison  of  Tolerances  Based  on  Performance  and  on  Thermal  Equilibrium 

In  Section  111,  it  was  suggested  that  the  body  may  be  able  to  maintain  Its 
thermal  equilibrium  undor  temperature  conditions  too  extreme  for  normal  per¬ 
formance  to  occur.  In  Section  V,  the  available  behavioral  data  were  presented 
and  then  summarized  in  terms  of  the  upper  limiting  thermal  conditions  under 
which  normal  performance  can  be  expected.  The  purposes  of  Section  VI  are: 

(1)  to  examine  some  of  tho  studies  in  which  physiological  measures  have  served 
as  a  basis  for  defining  human  tolerance  of  heat  and  (2)  to  compare  the  toler¬ 
ances  based  upon  physiological  measures  with  the  tolerances  based  upon  various 
performances.  Attention  is  now  directed  to  a  group  of  five  relevant  studies. 

1.  Robinson,  Turrell,  and  Gerking  (80)  conducted  182  series  of  measure¬ 
ments  on  men  in  environments  where  the  dry  bulb  tempcrat'ires  ranged  from  65°  to 
123°F.,  with  relative  humidities  up  to  100  percent.  Ventilation  was  constant  at 
180  feet  per  minuto.  Measurements  were  made  of  the  subjects’  heart  rates,  rectal 
temperatures,  skin  temperatures,  and  rates  of  sweating;  and  these  wero  com¬ 
bined  into  a  single  value  symbolized  by  Tp",  an  overall  index  of  physiological 
effect.*  Robinson  dotorminoa  that  men  could  maintain  physiological  equilibrium 

•The  equation  for  E  in  Ep  =  Ej,  f  f  Cy  f  E^.  The  values  of  ,Eh>  V  v  and 
Ew  are  tho  effects  of  the  environment  on  heart  rate  (h),  skin  temperature  (s), 
rectal  temperature  (r),  anu  rate  of  s.Toating  (n),  determined  according  to  the 
general  formula i 

tx  ,  (*3  -  *1>  .loo 

whore  X^  is  the  baeo  value  of  heart  rate,  etc.,  in  a  comfortable  environment,  i.  e., 
72°F.  working,  83°?.  resting j  X-  is  tho  Value  obtained  during  exposure  to  most 
extreme  hoat,  i.e.,  123°/. J  and  X,  is  the  vuluo  obtained  during  oxpooure  to  tho 
environment  being  evaluated.  Each  valuo  of  E^  in  tho  indox  is  a  ratio,  expressing 
the  increment  in  a  particular  toot  condition  us  a  percent  of  the  maximum  Increment 
observed  at  123°F.  The  several  values  aro  su'-matoo  equally  to  yield  the  overall 
Index,  tno  numerical  value  of  which  can  runge  from  0  in  a  cool  environment,  i.e,, 
no  change,  to  400  in  severe  boat,  i.e.,  ’naxirnm’  change,  Ono  of  the  several 
assumptions  implied  in  this  indox  io  that  the  four  indicators  are  equally  significant. 


for  6  hows  provided  their  Ep  did  not  go  above  175.  Such  a  value  could  he  pro¬ 
duced  by  moderate  work  at  medium  temperatures  or  by  resting  at  higher  tempera¬ 
tures. 

Robinson  presents  a  series  of  figures  to  show  the  effect  of  environ¬ 
ment  and  work  load  upon  physiological  stability  as  expressed  in  his  overall  in¬ 
dex.  Figure  11  reproduces  the  results  for  resting  conditions.  The  axes  of 
the  figure  are  wet  and  dry  bulb  temperatures, and  the  values  for  percent  relative 
humidity  appeur  as  a  family  of  oblique  straight  line3.  Upon  this  grid  of  hori¬ 
zontal,  vortical,  and  oblique  straight  lines, Robinson  superimposes  a  series  of 
contour  lines  with  negative  slopes  to  show  his  findings.  The  lowest  of  these 
is  for  Ep  numerically  equal  to  50.  Every  point  on  this  curved  line  represents 
equivalent  physiological  stress  as  indicated  by  heart  rate,  skin  temperature, 
rectal  temperature,  arid  sweating.  Specifically,  his  findings  imply  that  a 
temperature  condition  of  88°F.  dry,  88°F.  wet  bulb,  and  100  percent  relative 
humidity  is  just  as  taxing  as  99°F.  dry,  C4°F.  wet  bulb,  and  10  percent  rela¬ 
tive  humidity.  Contour  lines  for  larger  values  of  Ep  become  more  nearly 
vertical  to  indicate  a  relative  decrease  in  the  importance  of  dry  bulb  tem¬ 
perature  and  a  corresponding  increase  in  the  importance  of  wet  bulb  measures. 

A  value  of  175  for  Ep  is  set  as  a  tolerance  limit  below  which  temper¬ 
ature  equilibrium  is  maintained  and  above  which  an  equilibrium  may  not  be  pos¬ 
sible.  This  tolerance  limit  is  about  equal  to  the  95^F*.  contour  on  the  effec¬ 
tive  temperature  scale.  Since  the  index  is  the  sum  of  four  variables  which 
can  add  to  a  maximum  of  400,  it  appears  that  a  tolerable  limit  is  reached  when 
the  component  measures  are,  on  the  average,  somewhat  loss  than  half  way  be¬ 
tween  their  normal  and  their  extreme  values.  If  the  assumptions  of  this  study 
are  granted  and  the  adequacy  of  the  index  is  left  for  physiological  evaluation, 
It  appears  to  be  unwise  for  physiological  reasons  to  carry  o  man  beyond  the 
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FIGURE  II  THE  PHYSIOLOGICAL  EFFECT  OF  THE  ENVIRONMENT  (  Ep  )  ON  t  MEN 
WEARING  SHORTS  SITTING  AT  REST  WITH  AIR  MOVEMENT  AT  I6i 
FT /  MIN.  (MR  AC  CAe/m2/hR>  FROM  ROBINSON  (CO  ),  FIGURE  T. 


&7. 


defined  limit.  A  man  carried  somewhat  beyond  Robinson’s  limit  would  presumably 
survive  and  perhaps  be  able  to  carry  on  some  activities  for  a  time,  but  gener¬ 
ally  such  exposures  should  be  reserved  for  unusual  and  heroic  circumstances. 

Figure  12  is  similar  in  construction  to  Figure  11  with  the  difference 
that  the  contour  lines  refer  to  men  who  are  clothed  and  are  walking  at  speci¬ 
fied  speed  up  an  inclined  path  rather  than  to  men  who  are  wearing  shorts  and 
are  sitting  at  rest.  As  would  be  expected,  all  of  the  contour  lines  fall  nearer 
the  lower  left  corner  of  the  grid  as  compared  to  their  position  in  Figure  11. 

The  upper  tolerance  line  defined  as  175  index  units  has  been  brought  to  less 
extreme  temperatures  because  of  the  work  load  imposed  upon  the  subject. 

Figure  13  has  been  developed  by  collecting  several  such  tolerance 
lines,  each  of  vMch  refers  to  a  particular  combination  of  clothing  and  work. 

The  set  of  conditions  most  directly  applicable  to  a  pilot  in  a  plane  is  not 
readily  apparent;  but,  because  it  is  a  sedentary  task,  presumably  it  falls 
somewhere  between  line  C  and  E  and:  perhaps  nearer  to  E. 

Robinson’s  vain***:,  o f  rojurse,  refer  to  phyr’.elegieal  stability  over 
a  6  hour  period.  Jore  extreme  conditions  can  be  sustained  for  a  shorter  period, 
as  will  be  shown  in  Section  VII. 

2.  Robinscn  and  Cerking  (78)  demonstrated  the  dependence  of  man’s  tem¬ 
perature  tolerance  upon  the  amount  of  heat  load  due  to  radiation.  The  sub¬ 
jects  walked  on  a  treadmill  while  clothed  in  shorts,  shoes  and  socks,  and  also 
when  they  wore  poplin  jungle  uniforms  over  the  cherts.  The  tests  consisted 
of  walking  for  two  hours  at  tho  rate  of  3.5  milos  per  hour  on  a  treadmill  with 
a  grade  of  2.5  percent.  Tho  temperaturo  was  115°F.  and  the  air  movement  was 
180  feet  per  minute.  In  addition,  tho  subjects  were  exposed  to  radiation  from 
a  bar.k  of  nine  1500-wntt  Mazda  lamps,  sot  in  a  reflector,  at  a  distance  of  36 
inches  from  the  subject.  The  average  radiation  striking  tho  subjects  was  238 
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DRY  BULB  TEMPERATURE  »F 


FIGURE  12  THE  PHYSIOLOGICAL  EFFECT  OF  THE  ENVIRONMENT  ( Ep,  AS  DEFINED  IN  TEXT) 
ON  t  CLOTHtD  MEN  WALKING  AT  3  5  MPH.  UP  A  2  5  PERCENT  CRAOE  , 
WITH  AIH  MOVEMENT  AT  IBO  FT/ MIN  (MR  189  CAl/MZ/MR  ).  EACH 
CONTOUR  LINE  OF  Ep  INDICATES  CONDITIONS  OF  ENVIRONMENT  WH.CH 
MAO  EGUAL  EFFECTS  ON  THE  MEN.  FROM  ROBINSON  (60)  FIGURE  2. 
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BULB  TEMPERATURE  *F 


WET  BULB  TEMPERATURE,  *F 


FIGURE  13  THE  MOST  SEVERE  ENVIRONMENTAL  CONDITIONS  MEN  CAN  TOLERATE  AND 
STILL  MAIHT  •  M  HEAT  EOUILIBRIUM  FOR  6  HOURS,  WITH  AIR  MOVEMENT  AT 
ISO  FT/MIN.  VHE  CONTOUR  LINES  REPRESlNT  A  /ALUE  OF  Ep  COUA'.  TO 
ITS  UNDER  VARIOUS  CONDITIONS  OF  RCST  AND  WORK. 

FROM  ROBINSON  (80),  FIGURE  *. 
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WET  BULB  TEMPERATURE  *F 

FIGURE  12  THE  PHYSIOLOGICAL  EFFECT  OF  THE  ENVIRONMENT  ( Ep,  AS  DEFINED  IN  TEXT) 
ON  |  CIOTHID  MEN  WAIKINC  AT  35  MPH.  UP  A  25  PERCENT  CRAOE  , 
WITH  AIR  MOVEMENT  AT  IBO  FT/ MIN  (MR  199  CAL/M2/HR  ).  EACH 
CONTOUR  LINE  OF  Ep  INDICATES  CONDITIONS  OF  ENVIRONMENT  WH,C.M 
MAO  EQUAL  EFFECTS  ON  THE  MEN.  FROM  ROBiNSON  (60)  FIGURE  2. 
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cal  /m /hr.  when  3  lamps  were  onj  445  cal  /m' /hr.  when  6  lamps  were  onj  and, 
while  the  amount  for  all  9  lamps  is  not  reported,  presumably  it  is  of  the  order 
of  about  700  cal  /m  /hr.  There  were  clear-cut  increases  of  heart  rate,  skin 
temperature,  and  sweating  with  the  increments  of  radiation.  The  men  completed 
the  tests  in  all  except  the  most  extreme  condition.  Thus,  a  task  which  can  be 
completed  in  the  absence  of  radiation  may  become  impossible  at  the  same  general 
air  temperature  when  a  heat  load  due  to  radiation  is  imposed.  This  study, 
which  is  chronologically  prior  to  the  Robinson  study  reviewed  above,  amplifies 
the  findings  by  pointing  specifically  to  the  fact  that  radiational  heat  load 
must  be  taken  into  account  in  setting  temperature  tolerances. 

3.  Eichna,  Ashe,  Bean,  and  Shelley  (27)  attempted  to  determine  the  upper 
limits  of  heat  and  humidity  under  which  men  might  accomplish  useful  work.  A 
group  of  13  men  was  acclimatized  .and  then  exposed  repeatedly  to  18  different 
environments  that  ranged  up  to  120°F.  dry  bulb,  96°F.  wet  bulb,  at.d  97°F. 
effective  temperature.  In  each  environment,  the  men  were  required  to  march 
continuously  for  four  hours  at  three  mph  on  a  level  surface  while  carrying  20 
lb  packs.  The  men,  who  varied  in  age  from  18  to  30  years  (average  21.6  years), 
wore  no  clothing  except  socks  and  shoes.  TTater,  slightly  salted,  was  always 
available  and  the  men  were  urged  to  drink  it.  The  men  lived  in  the  hot  quarters 

i 

during  the  day,  always  marching  in  the  morning;  they  returned  to  their  barracks 
each  evening.  Measurements  were  made  of  heart  rate,  rectal  temperature,  and 
respiratory  rate  during  the  three— minute  rest  periods,  which  were  allowed  after 

I 

every  hour  of  work.  In  addition,  records  were  kept  of  the  amount  of  water 

drunk,  urine  voided,  gastric  contents  vomited,  and  swoat  produced;  and,  upon 

completion  of  each  day's  work,  notations  were  made  of  the  skin  temperatures  of 

% 

the  cheek,  chest,  palm,  forearm,  thigh,  and  calf. 

The  several  environments  are  classified  in  Table  VI  as  "easy",  "difficult", 

61. 


i 


dry  bulb 


130 


WET  BULB  TEMPERATURE,  »F 


BtGURE  14  AFTER  BEIM3  ACCLIMATED,  13  MEN  CaSRTinO  »0  LB  BACKS,  MARCHED  RCPEATEOLY 
FOR  4  HOURS  AT  J  MPH  IN  i«  OlFFE  t:ENT  ENViKOV.'ENTS  Trlf  LINES  ON  THE 
FlJURE  JOIN  THOLE  CCNDIT10NS  UNDER  WHICH  THE  WORK  WAS  LAST, 

•difficult'  or  ".vposr. ruf"  insjfficfnt  oau  wr.Pt  collected  for  those 

POINTS  4HI0H  ARE  NOT  CONNECTED  TO  LINES  DATA  F ROU  E ICHNA  (27 ) 


or  "impossible"  according  to  the  degree  of  difficulty  encountered  in  completing 
the  task.  Examination  of  the  effective  temperatures  shown  in  the  last  column 
indicates  some  overlapping  between  the  different,  levels  of  difficulty.  The 
overlapping  in  each  case  results  from  a  combination  of  a  very  high  dry  bulb 
temperature  with  a  low  humidity,  which  turns  out  to  be  less  "difficult"  than 
might  be  expected  from  knowing,  the  effective  temperature  alone.  In  Figure  14, 
these  environmental  conditions  are  arranged  on  a  psychroaetric  chart  similar 
to  , that  employed  by  Robinson,  with  contour  lines  that  connect  the  environ¬ 
ments  which  produced  similar,  effects. 


TABLE  VI 

Test  Environments  Studied  by  Eichna  (27),  Arranged  According  to  the 
Type  of  Response  They  Produced  on  the  13  Subjects 


Type  of 

Dry  bulb 

Pet  bulb 

Relative  humidity 

Effective 

°F. 

°F. 

_  _  _  percent 

temperature 

92.6 

92.4 

100 

91.0 

93.5 

92.1 

95 

90.7 

"easy" 

94.1 

92.1 

95 

90.9 

111.6 

89.5 

45 

92.6 

120.6 

09.8 

50 

94.4 

94.0 

94.0 

100 

92.8 

100.0 

94.2 

81 

94.1 

•difficult" 

100.8 

95.0 

76 

95.1 

103.4 

92.5 

59 

95.7 

119.5 

91.7 

56 

95.6 

96.1 

95.9 

100 

95.5 

■impossible" 

99.7 

96.1 

68 

95.8 

106.2 

95.0 

67 

95.8 

119.9 

95.9 

58 

97.2 

90.0 

68.8 

96 

86.8 

insufficiently 

114.2 

95.1 

46 

95.6 

studied 

120.2 

83.1 

£1 

90.6 

120.2 

87.6 

28 

95.1 

The  men  worked  readily  and  without  effort  in  the  "easy"  environments. 
All  of  the  men  finished  four  hours  of  continuous  -'arching  end,  on  its  comple¬ 
tion,  were  alert  and  seemingly  capable  of  continuing  the  work  indef  ‘tely.  The 
physiological  changes  at  the  end  of  four  hours  were  mild  and  within  the  range 
of  those  previously  encountered  in  acclimatized  men  working  in  the  desert  or 
tropical  heat.  Rectal  temperatures  were  100°F.  or  less  end  heart  rates  130 
per  minute  or  less. 

All  men  were  able  to  march  for  four  hours  in  the  "difficult"  environ¬ 
ments  but  with  much  effort  und  many  complaints.  There  were  frequent  requests  to 
discontinue  before  the  end  of  the  period.  Some  men  completed  the  task  only 
with  repeated  exhortations,  blandishments,  and  threats.  Complaints  of  headache, 
fatigue,  dizziness,  and  nausea  were  common;  occasionally,  aome  non  vonitod. 

On  completing  the  work,  most  men  were  very  tired;  half  of  then  probably  could 
have  continued  further,  the  other  half  probably  not.  The  physiological  changes 
at  the  end  of  four  hours  were  more  drastic  than  those  usually  encountered  in 
acclimatized  men  working  in  desert  or  tropical  heat.  Rectal  temperatures  of 
101°F.  to  102°F.  and  heart  rates  of  130  to  145  per  minute  were  prevalent.  How¬ 
ever,  a  few  of  the  men  in  the  group  had  no  greater  difficulty  in  these  environ¬ 
ments  than  in  the  relatively  easy  ones. 

Most  men  were  able  to  accommodate  to  tho  "difficult"  environments 
during  tho  second  hour  of  work.  At  tho  end  of  tho  first  hour,  most  men  looked 
ill,  worked  with  difficulty,  and  experienced  distressing  symptoms.  A  few 
vomited,  while  eone  requested  permission  to  discontinue.  They  began  to  improve 
toward  tho  end  of  the  second  hour.  They  looked  and  felt  better  and  complainod 
lesa.  Thereafter,  the  subjective  improvement  continued,  and  they  finished  four 
hours  of  work  in  fairly  good  condition.  Both  tho  subj  .a  end  observers  agreed 
that  the  men  were  bettor  at  the  end  of  the  test  than  they  had  been  during  tha 
Second  hour. 
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is  a  unit i  the  group  never  finished  more  than  one  hour  of  marching  in 
the  "impossible"  environments.  The  men  worked  with  great  effort  and  had  to  be 
goaded  continually  to  maintain  the  work  rate.  One-third  of  the  men  were  able 
to  complete  two  hours  of  work  and  only  two  men  finished  four  hours  of  continuous 
effort.  Undesirable  symptoms,  which  appeared  after  50  minutes  of  walking,  pro¬ 
gressed  rapidly  and  soon  most  of  the  men  were  completely  disabled.  There  were 
frequent  complaints  of  violent  throbbing  headache,  dizziness,  marked  fatigue 
with  inability  to  keep  the  pace,  difficulty  in  breathing,  coronary  typo  of 
precordial  pain  and  substemal  distress,  abdominal  crajaps,  and  nausea.  Men 
became  glassy-oycd,  stumbled  and  ewayod,  and  bumped  into  the  walls.  Some  can 
fell  Into  corners  of  the  room,  vomiting  copiously  (as  much  as  1.5  to  2  liters) ; 
others  became  disoriented  and  could  not  read  the  tlrao  correctly  or  even  repeat 
their  serial  numborsj  still  others  t-ore  "out-on-thcir-fcot"  and  did  not  recall 
what  happened  until  revivod  several  niiiuv'**  lator  in  mi  adjoining  cool  room. 

A  few  collapsed  outright.  Tho  physiological  .Wiges  voro  "excessive";  usually 
the  rectal  temperatures  were  evor  102°F.  end  tho  heart  rates  exceeded  150  per 
minute. 

Eichna’ s  results,  as  shorn  in  Table  VI,  indicate  that  a  narrow  range 
of  wet  bulb  temperature  (4°F.  to  5°F.)  separates  environments  in  which  work  is 

relatively  easy  from  those  in  which  work  is  impossible.  Below  wet  bulb  tom— 

o 

peratures  of  91  F.  men  work  easily,  efficiently,  and  with  only  mild  physlo- 

o  o 

logical  changes.  Between  wet  bulb  temperatures  of  91  F.  and  94  F.,  men  arc 
capable  of  prolonged,  modorato.ly  hard  work;  but  they  worm  inefficiently  ana 
with  difficulty',  lose  vigor  and  alertness,  sustain  undesirable  physiological 

changes,  and  may  become  mild  heat  casualties.  Moderately  hard  work  at  wot  bulb 

0 

temperatures  greater  than  94  F.  leads  rapidly  to  total  disability  with  ex¬ 
cessive,  and  often  disturbing,  physiological  changes.  Approximately  one  hour 
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of  sustained  work  at  94°F.  wet  bulb  is  tolerated  by  most  mon$  those  who  work 
longer  do  so  with  narked  physiological  disturbances. 

4.  Darling  (22)  reports  a  study  which  illustrates  how  under  special  con¬ 
ditions  tolerances  nay  fall  well  belov/  those  given  by  Robinson. '  The  results 
are  presented  in  torms  of  average  tolerance  tines  for  200  enlisted  men  (100 
white  and  100  colored)  walking  out-of-doors  at  a  rate  of  three  mph  under  sunny 
conditions  in  a  noderate  wind.  The  men  wore  impermeable  suits,  a  fact  which 
suggests  that  for  the  unexposed  areas  of  the  body  (1)  humidity  wa3  effectively 
very  high,  (2)  air  movement  was  very  low,  and  (3)  considerable  Insulation  was 
afforded  by  the  suits.  The  tolerances  for  four  different  temperatures  are 
given  as  follows ; 

Temperature.  °T,  Averse  Tolcyanco.  Minutes  , 

70  100 

76  60 

80  40 

85  £5 

Aa  a  comment  on  tho  thermal  conductivity  of  the  suits,  it  was  noted  that  keep¬ 
ing  the  suits  wet,  or  better,  covering  them  with  wet  porous  cloths,  improved 
performance  strikingly.  The  tolerance  time  at  86°F.,  60  percent  relative 
humidity,  was  pore  than  doubled  by  this  neons. 

Ail  of  these  values  fall  belov/  Robinson's  tolerances  even  when  100 
percent  humidity  is  assumed.  Robinson's  studies,  it  will  be  recalled,  involved 
periods  of  6  hours  and  Eichna's  periods  were  4  hours,  as  compared  with  an 
average  of  100  minutes  or  los3  as  reported  by  Darling. 

S.  Brunt  (16)  presents  a  set  of  heat  tolerance  contours  based  upon  groups 
of  subjects  exposed  to  increasing  degrees  of  thermal  stress,  as  followsj 

A.  nude  subjects,  resting  indoors 

B.  clothed  subjects,  resting  indoors  .  * 

C.  clothed  /subjects,  res  ting  in  sunshine 

D.  clothed  subjects,  walking  4  mph  in  sunshine 

E.  clothed  subjects,  walking  4  mph  in  bright  sun rhino. 
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A/V  NUDE  SUBJECTS  RESTING  INDOORS 
BB-CLOTHED  SUBJECTS  RESTING  INDOORS 
CC-CLOTHED  SUBJECTS  RESTING  IN  SUNSHINE 
OO-CLOTHED  SUBJECTS  WALKING  4MPH  IN  SUNSHINE 

ee-clothed  subjects  walking  ampn  in  bright 

I  I  SUNSHINE 


A  figure  presented  by  Brunt  has  been  redrawn  in  Figure  15  on  the  psychronetric 

scale  used  by  Robinson,  in  order  to  facilitate  comparison  with  other  reports. 

The  ordinate  scale,  it  will  be  observed,  Is  enlarged  to  admit  the  additional 

range  of  dry  bulb  temperatures  covered  by  Brunt. 

Brunt's  contours  generally  fall  at  much  less  extreme  temperature- 

humidity  conditions  than  do  those  of  Robinson,  as  a  comparison  of  Figure  15 

with  Figure  13  will  demonstrate.  For  example,  Brunt's  contour  AA  for  nude 

subjects  resting  indoors  should  be  roughly  comparable  to  Robinson's  contour  F 

for  cittlng  men  in  shorts.  Those  contours  pass  through  about  the  same  dry 
0  0 

bulb  temperature  (92  and  94  F.)  at  100  percent  relative  humidity.  However, 

o 

at  50  percent  relative  humidity,  Brunt  gives  104  F.  while  Robinson  gives 
o 

120  F.  dry  bulb.  Likewise,  Brunt's  bB  contour  for  clothed  subjects  resting 
indoors  is  less  extreme  than  Robinson's  comparable  E  contour  for  clothed, 
sitting  men.  Brunt  gives  83°F.  dry  bulb  at  100  percent  relative  humidity  and 
110*^.  dry  bulb  at  30  percent  relative  humidity  while  Robinson's  comparablo 
values  are  92°F.  and  117°F.  Brunt's  walking  men  (contours  DD  and  EE)  also 
yield  contours  much  less  extreme  than  do  Robinson's  (contours  A,  B,  C  or  D). 

Brunt's  contours  may  be  expected  consistently  to  yield  a  set  of  tem¬ 
perature  values  milder  than  tboso  given  by  Robinson  or  Flchna.  The  explanation 
undoubtedly  lies  ir.  the  fact  that  Brunt's  tolerance  criterion  was  leso  severe 
than  that  adopted  by  the  other  two  investigators.  Brunt  set  his  tolerances 
at  the  highest  relative  humidity  in  which  body  temperature  con  remain  constant 
in  given  conditions  of  air  temperature  and  ventilation.  Robinson  and  Elchna, 
on  the  other  hand,  considered  conditions  tolerable  if  the  subject  would  not 
exceed  certain  raised  physiological  levels  for  a  period  of  6  hours  and  4  hours, 
respectively. 

The  five  studies  Just  reviewed  have  yioldca  a  scries  of  tolerance 
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contours  based  primarily  upon  physiological  measurements  and  applicable  to  dif¬ 
ferent  work  loads.  The  studies  of  Robinson  appear  to  be  the  most  elaborate 
and  complete  albeit  there  are  unanswered  questions  about  the  nature  of  the 
physiological  index  he  uses  and  the  way  the  constituent  measures  are  combined. 
His  results  are  not  as  conservative  as  Brunt's,  nor  yet  as  extreme  as  Fichna's. 
Darling's  study  points  out  the  drastic  modifications  that  special  conditions 
may  have  upon  these  tolerances. 

Ifhen  these  studies  are  compared  with  those  described  in  Section  V, 
the  following  comments  and  suggestions  emerge: 

1.  As  suggested  in  Section  III  and  again  at  the  close  of  Sec¬ 
tion  V,  the  studies  based  upon  physiological  measurement  appear  in  general  to 
be  more  thoroughly  developed  than  the  studies  dealing  directly  with  performance. 
The  writers  of  this  review  have  found  no  evidence  of  studies  now  in  progress 

or  contemplated  for  th9  next  year  or  two  which  will  Bervo  to  round  out  tho 
performance. aspect  of  the  temperature  problem.  Of  the  major  contributors  to 
the  performance  studies  rdthin  the  last  few  years,  apparently  only  Uackworth 
in  England  is  continuing  with  such  problems.  Several  temperature  research 
programs  are  now  in  progress  in  this  country}  and,  while  they  appear  to 
emphasize  physiological  measurements,  they  may  incorporate  performance  studies 
at  some  later  date. 

2.  The  results  collected  in  Table  V  show  that  somo  performances 

deteriorate  under  thermal  conditions  loss  oxtreme  than  those  referred  to  by 

Robinson,  es  shorn  in  Figaro  13.  Specifically,  Vitelos  and  Smith  found  per- 

o  o 

foraance  impairment  on  several  tests  at  90  F.  dry  bulb  and  81.5  F.  wet  bulb, 
•ffectivo  temperature  87.5°F.  This  point  would  fall  below  the  lowest  contour 
In  Figure  13.  Robinson's  A  lino,  it  r.«y  bo  noted,  represents  a  range  of  ap¬ 
proximately  86°F.  to  89.5°F.,  effective  temperature.  Thus,  non  were  unable 


to  exhibit  normal  test  performance  under  conditions  approximately  equal  to 
those  in  which  Robinson’s  clothed  subjects,  walking  at  3.5  mph  up  a  2.5  per¬ 
cent  grade,  maintained  an  Ep  of  175.  Some  of  liaorworth* s  studies  reveal  im- 

0  0  o 

pairment  at  95  F.  dry  bulb  and  85  F.  wet  bulb,  effective  temperature  87  F. 

This,  point  also  falls  near  Robinson's  A  line.  Figure  11  permits  a  direct  com¬ 
parison  of  perfornance  tolerances  with  Robinson’s  contours,  since  this  figure 
is  based  upon  "men  wearing  shorts  sitting  at  rest".  The  contour  for  Ep  =  175 
includes  conditions  more  extreme  than  those  under  which  both  Mackvrorth  and 
Vitoles  and  Smith  demonstrated  deterioration  in  performance.  In  fact,  the 
environments  studied  by  Hackworth  end  Viteles  and  Smith  fall  in  the  vicinity 
of  Ep  «  75  and  not  175.  Evidently  the  permissible  rise  of  the  physiological 
measures  above  normal  is  far  greater  when  thermal  "equilibrium"  is  the  require¬ 
ment  then  when  performance  normality  serves  as  criterion.  Accordingly,  Robin¬ 
son's  tolerances,  i.e.,  acceptable  temperatures,  are  set  at  such  high  vcluos 
that  their  use  for  the  specification  of  allowable  temperature  would  permit  men 
to  be  exposed  to  conditions  in  which  their  activities  would  be  significantly 
impaired. 

Likewise,  .the  contour  which  Eichn*  et  al.  describe  as  "easy" 
environments,  In  which  men  can  march  without  special  difficulty  for  four  hours 
at  three  mph,  represents  conditions  whore  p  rfommeo  on  several  kinds  of 
psychomotor  tasks  would  be  edvorooly  affoctod.  However,  Brunt's  lines  A  and 
B  and  especially  A  (Figure  15)  pass  near  tbo  few  poi  tn  representing  performance 
tolerances  which  have  been  determined.  In  this  connection,  it  is  interesting 
to  recall  that  Brunt's  criterion  was  constancy  of  body  temperature. 

(^3.  Thus,  in  the  light  of  present  information,  tbore  ic  reason 
to  believe  that  sotao  of  the  studios  of  thermal  tolerances  based  upon  elev: tion 
of  physiological  re r. pomes,  euch  as  heart  rate,  sweeting,  arid  ?V In  and  rectal 
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temperatures,  nay  yield  eelues  of  limiting  te.peratures  and  humidities  .ore  ex- 
tr...  than  those  et  ,hisb  sons  bunco  perfomances  begin  to  dotorlorate)  Con¬ 
sequently  the  use  of  such  tolerances  In  the  . design  of  airplane  cabins  L  open 
to  question  if  it  is  assured  that  the  pilot  .net  be  able  to  perform  in  a  normal 
•enner.  Since  the  perfornance  tolerances  occur  at  environnents  as  nild  as  or 
.ilder  than  those  for  the  physiological  tolerances  examined  in  this  section, 
there  is  an  urgent  need  for  .ore  perfornance  studies  nhich  .ill  give  .ore  ex¬ 
plicit, and  detailed  information  about  tha  imitations  that  high  temperatures 
place  upon  a  nan  engaged  in  sedentary  activities.  Inc  scerclty  of  current  re- 


i 


l 

t 

I 


searches  in  this  particnlsr  .res  should  lead  to  the  de.and  for  father  inv.sti- 
getlons.  The  mediate  practice  aus.er  to  cabin  design  .pacifications  should 
be  given  in  tarns  of  the  least  pertinent  tolerance.  This  .culd  eopear  to  In¬ 
dicate  perfornance  nether  than  physiological  equilibrium  as  the  critical  tolcr- 

Perfornance  by  an  mount  ahich  1.  statistically  eiini- 
flcant  .ay  be  tahea  to  indicet.  th,  quality  of  performance  uhich  1,  no  longer 


acceptable.  The  dogre.  to  ,blch  thi.  criterion  am  be  relaxed  to  .cot  emergency 
conditions  renains  to  be  detemined. 


Ib.  studies  examined  thus  far  have  involved  relatively  long  exposures 

...surad  in  hours.  Th.  tolerant,  of  high  tenparoturo  for  ahortar  periods  of 
exposure  will  be  considered  in  the  following  section. 
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.  PhysiolorlcaX  Limits  Imposed  bv  Host 
The  researches  discussed  in  this  section  have  been  separated  from  those  of 
the  preceding  section  primarily  on  the  basis  of  the  kind  of  limit  or  tolerance 
studied.  In  Section  VI,  interest  is  directed  primarily  to  the  extreme  environ¬ 
ments  in  which  men  can  remain  active  for  several  hours  without  serious  physio¬ 
logical  consequences.  In  Section  VII,  the  criteria  are  generally  survival  or 
Imminent  collapse.  The  first  two  studies  to  be  considered  are  census  reports 
of  deaths  during  heat  waves.  Thereafter  several  experimental  studies  will  be 
discussed.  , 

A.  Census  Studies 

1.  Schickele  (85)  reports  on  198  cases  pf  boat  fatalities  suffered 
by  soldiers  while  training  in  the  U.S.  from  1942  to  1944.  Cases  in  which  ex¬ 
cessive  dehydration  appeared  to  be  involved  and  also  a  few  other  miscellaneous 
cases  were  excluded  so  that  the  data  would  represent  deaths  clearly  ascribable 
to  heat.  The  age  distribution  of  the  147  remaining  men  is  not  given,  but  they 
are  described  as  healthy  young  men  who  met  death  while  working  for  several 
hours  at  average  activity  in  the  sun.  Figure  16,  reproduced  from  Schickele' s 
paper,  summarizes  the  conditions  of  humidity  and  temperature  on  the  day  of 
onset  of  these  cases  of  fatal  heat  stroke.  Schickele  also  glues  the  formula 
for  a  "haat  death  line"  aa 

T  -  119  -  2V 

where  T  is  the  dry  bulb  temperature  in  degrees  Fahrenheit  and  V  is  tbo  vapor 
pressure  in  millimeters  of  noruury.  This  line,  which  has  been  superimposed 
upon  Schickele* s  graph  in  Figure  16,  appears  to  be  arbitrary  and  serves  simply 
to  indicate  that  all  fatalities  (except  two)  occurred  under  more  extreme  con¬ 
ditions  than  those  described  by  the  "heat  death  line".  The  data  do  not  indicate 
the  aize  of  the  total  population  from  which  thr;o  cases  are  takrn  and  areordlngly 
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FIGURE  16  HUMIDITY  AND  MAXIMUM  TEMPERATURE  ON  DAY  OF  ONSET 
OF  147  CASES  OF  FATAL  HEAT  STROKE  IN  THE  U.  S.  ARMY. 
TAKEN  FROM  SCHICKELE  (63). 
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the  expected  rate  in  the  Array  of  deaths  due  to  heat  cannot  bo  estimated. 

This  study  indicates  that  deaths  frr>«  heat  can  occur  at  temperatures 
o  o 

as  low  as  79  F.  although  very  few  occur  below  88, F.  Since  less  than  three  per¬ 
cent  of  the  observed  cases  fall  below  the  latter  temperature  and  evidently 
Vue  number  of  deaths  is  only  a  minute  fraction  of  the  total  number  of  Army  men 
exposed  to  high  temporatures,  it  may  be  inferred  that  heat  deaths  at  ambient 
temperatures  below  88°F.  are  indeed  very  rare  irrespective  of  humidity,  typo 
of  work  undertaken,  clothing,  or  temporary  physical  condition.  Thus,  as  con¬ 
ditions  become  progressively  more  sevefe  than  those  indicated  by  the  "heat 
death  line",  the  probability  of  death  gradually  increases.  The  cases  shown 
oust  represent  the  lower  tail  of  a  theoretical  cumulative  distribution  show¬ 
ing  the  probability  of  death  as  a  function  of  temperature  and  humidity  where 
accessory  conditions  such  as  duration,  work  load,  end  physical  Conditions  are 
not  controlled.  The  rather  sudden  onset  of  cases  Ju3t  above  the  "heat  death 
line"  may  suggest  the  possibility  of  occasional,  unrecognized  heat  deaths  below 
Schickele'c  line.  The  applicability  of  results  obtained  on  an  Army  group  to 
an  aircrew  population  remains  to  be  determined. 

2.  The  frequency  of  heat  deaths  in  ft  civilian  population  subjected 
to  a  heat  wave  is  illustrated  in  ft  study  by  Root  and  Stone  (81).  They  found 
that  295  deaths  due  to  heat  occurred  in  Detroit  when  the  maximum  temperature 
exceeded  100°F.  on  seven  consecutive  days.  The  relative  humidity  remained  ap¬ 
proximately  50  percent.  The  temperaturo  did  not  fall  belcw  69°F.  and  was  R3 
high  as  104°F.  twice  during  tho  period.  The  authors  believe  that  most  cases 
where  heat  was  not  ft  primary  cau:>e  of  death  have  been  excluded  from  their  data. 
Since  a  population  of  1,500,000  was  involved,  tho  overall  death  rato  due  to 
tho  heat  may  be  estimated  as  about  .C2  percent.  Tho  distribution  of  deaths 
according  to  ego  shows  that  07  percent  of  the  deaths  duo  to  heat  occurred  isong 
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people  45  years  of  age  and  older,  and  98  percent  among  those  50  years  and  older 

The  death  rates  for  the  different  age  groups  were  not  given,  although  they  can 

be  estimated  from  census  data. 

Thus,  in  a  civilian  population  a  deatn  rate  of  .02  percent  or  2  per 

10,000  is  found  as  a  result  of  exposure  to  temperatures  which  overlap  the  lower 

half  of  the  temperature  range  noted  in  the  study  of  Echickele.  It  would  be 
expected  that  the  rate  for  a  military  population  would  be  very  much  smaller 

since  the  deaths  in  the  civilian  population  involve  predominantly  individuals 
above  military  age.  Furthermore,  the  civilian  population  includes  individuals 

who  are  military  unacceptable. 

The  implication  of  these  two  studies  for  performance  is  that  heat, 
under  very  rare  circumstances,  may  cause  death  at  88°F.  Interference  with  per¬ 
formance  £nn  occur  at  even  lower  teapei'atures  because  (1)  deaths  have  been 
noted  at  ambient  temperatures  as  low  as  79°  and  (2)  performance  will  be  altered 
under  conditions  less  extreme  than  those  producing  doath. 


One  of  the  important  characteristics  of  the  studies  reviewed  in  this 
section  is  that  the  person  being  tested  is  not  required  to  engage  in  any  parti¬ 
cular  activity.  No  tasks  are  prescribed  and  the  subject  merely  aits  quietly 
to  endure  the  period  of  exposure.  Work  load  and  specified  performance  have 
been  reduced  to  zero.  Under  such  conditions,  duration  of  exposure  remains  as 
one  of  the  principal  variables  which  must  bo  considered  when  specifying  the 
upper  acceptable  limits  of  temperature,  humidity,  and  ventilation. 

As  would  bo  expected,  very  high  temperatures  are  tolerable  if  the  duration 
is  made  sufficiently  short.  With  duration  limited  to  a  fraction  of  a  second, 
very  high  temperatures  are  required  to  produce  flash  burns.  When  the  period  of 
exposure  is  several  minutes,  the  tolerable  temperature  is  lower  then  for  ex¬ 
posures  measured  in  seconds,  and  yet  high  aa  compared  with  temperatures  which 
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can  be  tolerated  for  several  hours.  There  is,  for  example,  a  report  which  may¬ 
be  mentioned  here  solely  for  historical  reasons.  Dr.  Charles  Blngdon  is  said 
to  have  survived  in  1775  an  eight-minute  exposure  to  240°  -  260^F.  As  Brunt 
(16)  relates  it,  Blagden  experienced  no  discomfort  for  the  first  seven  minutes; 
but  he  began  to  be  aware  of  "rapid  distress  in  breathing"  and  "a  feeling  of 
anxiety"  in  the  last  minute,  j 

1.  At  Wright  Field,  Taylor  (86,87)  exposed  seated  subjects,  clothed 
in  underwear  and  light  cotton  flying  coveralls,  to  dry  bulb  temperatures  ranging 
from  90°F.  to  166°F.  and  vapor  pressures  from  8  to  53  ma  Hg.  In  the  main  series 
of  observations  there  were  70  exposures,  60  of  which  continued  for  60  minutes 
and  10  of  which  were  discontinued  after  shorter  intervals  due  to  imminent 
collapse  of  the  subject.  Physiological  effects  were  measured  in  terms  of  heart 
rate,  sweat  loss,  skin  and  rectal  temperatures;  and  these  indicators  were  com¬ 
bined  into  an  "Index  of  physiological  response".  To  facilitate  the  plotting 
of  contours  the  "Index"  was  correlated  with  the  combination  of  dry  bulb  temper¬ 
ature  and  vapor  pressure.*  This  correlation  yields  the  following  multiple  re¬ 
gression  equation  between  this  index  and  the  two  environmental  variables* 

Index  ■  0.40  x  dry  bulb  temperature,  °F»  +  0.59  x  vapor  pressure,  mm  Hg 
-  42.3.  The  procedure  for  evaluating  the  physiological  effect  of  any  given 
environment  is  (1)  to  enter  the  dry  bulb  temperature  and  humidity  expressed  as 
vapor  pressure  in  the  above  equation  and  compute  the  index  number.  (2)  The 


index  number  may  then  be 

evaluated  by  reference 

to  the  following  schema* 
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The  criteria  for  "tolerable",  "marginal",  and  "intolerable"  follow.  "Tolerable" 
environments  are  such  that,  without  prior  acclimatization,  young  men  dressed  in 
underwear  and  flying  ooveralls  ana  sitting  quietly  cun  be  exposed  for  the  pre¬ 
scribed  time  without  displaying  "symptoms  of  heat  exhaustion,  collapse,  or  any 
of  the  extreme  sensations  which  forcec  subjects  to  leave  intolerable  environ¬ 
ments".  A  few  of  the  men  placed  in  "marginul"  environments  were  unable  to  re¬ 
main  for  the  entire  period.  Indirect  evidence  indicates  that  most  of  the  men 


*The  use  of  correlational  technique  in  this  study  merits  special  comment.  ,  The 
procedures  and  formulas  of  the  statistician  admit  of  two  very  different  kinds 
of  use  by  scientists.  On  the  one  hand,  the  methods  may be  employed  to  derive 
from  a  collection  of  observations  a  test  or  evidence  for  a  hypothesis.  In  this 
case  all  of  the  assumptions  of  the  methocs  must  be  satisfied  and  the  procedures 
carried  out  in  conventional  manner  before  the  evidence  is  acceptable.  On  the 
other  hand,  the  formulas  may  be  used  merely  to  ucrivo  a  hypothesis,  which  will 
be  tested  subsequently  by  independent  methoas.  Taylor's  use  of  correlation 
technique  is  clearly  of  the  latter  kind,  as  he  carefully  points  out.  Khen  the 
procedures  are  useu  in  this  manner,  it  .is  immaterial  whether  the  assumptions 
implied  by  the  methods  can  be  defended  or  not,  for  the  subsequent  tests  will 
determine  the  adequacy  of  the  hypothesis  irrespective  of  how  the  hypothesis 
was  oerived.  Taylor's  data  are  such  that  they  cunnot  satisfy  several  of  ths 
assumptions  implicit  in  zero  order,  partial  and  multiple  coefficients  and  he 
specifically  mentions  that  "intra-individual  and  inter-individual  data  aro 
treated  together,  ana  the  correlations  are  baseo  on  a  snail  number  of  variates" 
aa  examples.  This  situation  should  not  be  permittee  to  disturb  the  non- 
statistically  trained  reader,  provided  he  accepts  the  independent  physiological 
validation  which  the  author  offers  in  his  "check  tests".  One  danger  which  ac¬ 
companies  this  uso  of  statistical  formulas  is  that,  once  the  manipulations 
have  been  accomplished,  there  may  ba  a  temptation  to  draw  statistical  infer¬ 
ences  from  the  results.  Indeed,  some  statisticians  may  question  an  occasional 
inference  of  the  author  which  is  busec.  on  tr.O  magnitude  of  zero  order  or 
partial  coefficients.  Nevertheless,  such  inferences  do  not  offset  the  major 
conclusions  of  tho  study. 

The  theoretical  position  61  the  author  is  precisely  the  came  us  it  would  be 
if  he  had  proceedoo  as  follows;  (1)  Let  some  kind  of  line  be  drawn  through 
a  graph  in  which  the  variables  are  dry  bulb  temperature  ana  vapor  pressure. 

(2)  The  varied  environments  represented  by  points  along  this  line  are  examined 
to  determine  (a)  whether  they  produce  similar  effects  upon  man  and  (b)  whether 
these  environments  are  critical  in  tne  senso  of  just  avoiding  heat  collapses 
of  the  subjects.  If  conditions  (a)  ana  (b)  aro  satisfied,  tne  lino  is  a  heat 
tolerance  contour.  (3)  The  equation  of  this  line  muy  then  be  specified  so 
that  the  position  of  other  points  in  the  graph  (other  environments)  con  bo 
classified  as  falling  above,  on,  or  below  the  contour.  Thus,  the  main  contri¬ 
bution  of  the  statistical  manipulations  wus  to  provide  a  very  enlightened 
guess  as  to  how  the  line  shoulc  be  drawn.  Much  researen  effort  was  saved  by 
selecting  the  right  line  with  which  to  begin  the  critical  part  of  the  research. 
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could  probably  not  endure  the  "intolerable"  environments  for  more  then  a  few 
minutes. 

The  criteria  selected  for  this  study  indicate  that  the  tolerance 
under  consideration  is  an  upper  physiological  limit.  No  work  load  is  imposed; 
no  task  is  set;  no  unusual  clothing  is  worn;  and  establishment  of  thermal 
equilibrium  is  not  required.  The  physiological  limit  has  been  surpassed  when 
drastic  subjective  or  otjective  symptoms  occur.  The  tolerance  level  here 
defined  falls  just  short  of  conditions  which  may  be  expected  to  cause  complete 
failure  due  to  heat  exhaustion. 

The  contours  are  presented  as  a  first  approximation  of  this  physio¬ 
logical  limit  and  supporting  data  indicate  that  the  three  tolerance  lines  pre¬ 
sented  in  Figure  17,  along  with  contours  from  other  studies,  are  essentially 
correct  as  to  form,  slope,  end  position.  Further  refinements  of  method  and  a 
larger  body  of  data  might  suggest  some  curvature  in  the  lines  or  slight  modi¬ 
fications  of  the  slope  or  position  of  the  contours,  but  major  alterations  ap¬ 
pear  to  be  unlikely. 

2.  In  a  later  study,  Taylor  and  Uarbarger  (88)  repeated  some  of  these 
experiments  on  five  nude  subjects  tested  in  ten  environments  with  temperatures 
ranging  from  100°F.  to  154?F.  and  vapor  pressure  from  10  to  46  mm  Hg.  The  sa^e 
four  physiological  measures  were  evaluated,  and  it  was  shown  that  sweat  losa 
could  not  be  included  in  the  index  because  it  varied  with  certain  environments 
independently  of  the  degree  of  hyperthermia  shown  with  some  consistency  by  the 
other  three  measures.  The  evidence  suggests  that  somewhat  different  physio¬ 
logical  effects  result  from  exposure  to  hot-dry  as  compared  with  hot-humid  en¬ 
vironments. 

5.  The  AAF  (33)  describes  another  set  of  tolerable  heat  values  which 
are  more  conservative  but  otherwise  similar  to  those  given  by  Taylor.  These 


are  indicated  separately  in  Figure  17,  but  they  are  actually  based  on  the  data 
reported  by  Taylor  (86,  87)  above. 

4.  Still  another  set  of  "maximum  temperatures"  are  given  by  Gagge 
(33)  in  the  following  terras* 

"For  the  warmer  temperatures,  the  effect  of  humidity  on  comfort  is 
great. .  For  practical  design  purposes  the  maximum  probable  absolute  humidity  (30 
ma  of  Hg  vapor  pressure)  on  the  earth’s  surface  should  only  be  considered.  For 
this  absolute  level  of  humidity,  the  upper  comfort  limit  is  80°F.j  95°F«  Is 

O  O' 

tolerable  for  four  hours;  107  F.  for  two  hours;  and  120  F.  for  one  hour.  These 
values,  therefore,  can  well  be  used  as  a  design  requirement  for  aircraft  without 
reference  to  its  geographical  use".  The  same  standard  has  been  more  completely 
specified  in  a  recent  statement  by  Lovelace  and  Gagge  (58).  The  experimental 
data  upon  wM.cn  these  contours  are  based  are  again  thoBe  of  Taylor  (86,  87)* 

The  maximum  temperature  which  can  be  tolerated  is  not  an  absolute  value 
but  depends  upon  the  work  effort  and  duration  of  exposure.  If  this  is  kept  in 
mind,  it  will  be  noted  that  there  is  general  agreement  as  to  where  some  particular 
tolerance  contour  should  bo  drawn.  Only  one  inconsistency  is  apparent  in  Figure 
17.  The  AAF  report  gives  as  "tolerable  for  one-half  hour"  a  set  of  conditions 
milder  than  those  described  as  "tolerable  for  one  hour"  by  both  Taylor  and  Gagge 
and  Lovelace.  This  apparent  inconsistency,  as  well  as  tbo  failure  of  some  of  the 
other  tolerance  lines  to  agree  precisely,  is  due  to  the  different  assumptions 
employed  in  drawing  the  tolerance  lines.  Taylor's  data,  for  example,  repre¬ 
sent  maximum  values  for  laboratory  subjects  under  certain  specified  conditions. 

A  military  recommendation  based  upon  such  data  might  well  be  expressed  conserva¬ 
tively  in  order  to  provide  a  safety  factor  and  also  to  protect  individuals  slightly 
less  tolerant  than  those  on  whom  the  tests  were  performed. 
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For  purposes  of  reference,  it  is  well  to  remember  how  these  values 
compare  with  the  reports  previously  noted  in  this  paper.  Robinson's  experiment 
provides  a  tolerance  contour  applicable  for  con  sitting  at  rest,  whore  the  criterion 
is  maintenance  of  physiological  equilibrium  for  six  hours.  That  "maximum”  (sos  the 
•E"  line  on  Figure  13)  would  fall  between  the  "tolerable  for  two  hours”  and  "toler¬ 
able  for  one-half  hour"  lines  on  Figure  17,  i.  e.,  designated  arbitrarily  as 
originating  at  the  juncture  of  approximately  130°F.,  dry  bulb  and  10  percent 
relative  humidity.  Obviously,  the  "inconsistency"  between  the  two-hour  level 
indicated  in  Figure  17  and  Robinson's  six-hour  tolerance  occurs  because  Robinson 
was  concerned  with  a  milder  physiological  stress  than  that  adopted  by  the  authors 
of  the  other  contours  on  this  figure. 

/  The  criterion  of  tolerance  determines  where  the  "maximum  tolerance  line" 
■ay  be  drawn.  In  the  absence  of  further  data,  perhaps  it  is  well  to  accept  tempor¬ 
arily  the  more  conservative  lines  offered  here  for  the  various  durations.  In 
effect,  this  is  to  adopt  the  values  in  prosent 
by  Lovelace  and  Gagge  and  shov/n  in  Figure  17. 

Taylor  has  continued  at  the  University  of  California  the  studies  of  heat 

tolerance  orlginatea  at  bright  Field,  but  a  formal  report  on  these  experiments  is 

not  available  at  this  time.  However,  an  interim  report*  was  made  to  the  Committee 

on  Aviation  Medicine  of  the  National  Research  Council,  in  Washington,  D.  C.,on 

June  22,  1948,  and  the  following  remarks  are  based  on  that  report.  Ken,  clothed 

in  long  underwear,  have  survived  20-minute  exposures  to  a  dry  bulb  temperature  of 

250°F.  So  that  there  will  be  no  ambiguity  concerning  the  significance  of  this 

astounding  fact,  it  may  be  noted  that  this  temperature  is  higher  than  that  of 

bollJng  water.  Body  skin  temperatures  of  107°F.  ana  heart  rates  of  150  beats 

♦"Human  tolerance  for  extreme  heat",  to  be  published  in  the  minutes  of  that 
neeting.  The  formal  report  will  be  made  to  the  Air  Jateriei  Command,  Air  Force, 
Wright  Field.  • 


for  military  aircraft,  as  given 


per  minute  were  recorded.  Naturally,  It  is  impossible  to  achieve  equilibrium  at 
these  extremes  and,  in  eaoh  case,  the  experiment  was  terminated  at  the  imminent 
collapse  of  the  subject.  A  chart  shown  by  Taylor  to  demonstrate  the  relation 
between  temperature  and  duration  of  exposure  is  reproduced  here  as  Figure  18.  Later 
phases  of  these  experiments,  which  are  now  in  progress,  will  extend  the  values  of 
Figure  18  for  a  larger  sample  of  subjects  than  the  two  men  tested  so  far.  In 
addition,  an  attempt  will  be  made  to  collect  performance  data. 

The  study  makes  abundantly  clear  that  hot  air  may  be  tolerated  for  brief 
periods  at  temperatures  higher  than  those  which  produce  bums  upon  contact.  Pieron 
(74)  &nu  Dallenbach  (21)  agree  in  designating  122°F.  as  the  limiting  temperature 
above  which  contact  with  metal  will  result  in  the  sensation  of  burning  heat.  Roberts 
(77)  reports  that  15-second  contact  with  212°F.  and  30-  ti  60-seicond  contact  with 
160°F.  to  180°F.  result  in  second  degree  burns.  One  conclusion  which  follows  from 
Taylor’s  work  is  that  gloves  ana  other  protective  devices  must  be  worn  to  protect 
the  pilot  from  contact  burns  in  hot  environments  where  he  may  otherwise  stand  a 
chance  of  survival .  j  • 

In  conclusion.  It  must  be  re-emphasized  that  the  tolerances  given  in  this 
section  refer  merely  to  survival  and  bare  avoidance  of  collapse.  Comparison  of 
these  values  with  the  tolerances  based  upon  performance  shows  that  the  latter  have 
more  conservative  values.  Performance  deteriorations  have  been  reported  at  values 
below  the  most  conservative  tolerance  contour  of  Figure  17(" tolerable  for  four  hours") 
This  implies  that  there  aro  some  environments  in  which  a  man  may  continue  without 
collapse  for  periods  up  to  four  hours  and  yet  his  performance  on  a  psychomotor  task 
would  show  deterioration  before  the  end  of  the  second  hour,  even  though  the  task  is 
so  light  that  almost  no  work  load  i3  imposed.  Tolerances  oefined  in  terms  of 
physiological  limits  must  not  be  applied  to  aircraft  pilots  on  the  assumption  that 
the  pilot's  work-load  is  too  small  to  alter  such  tolerance  seriously.  To  do  so 
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FIGURE  18  MAXIMUM  TOLERABLE  EXPOSURE  TIMES  FOR 
VARIOUS  TEMPERATURES  AT  I2MM.  HG.  VAPOR 
PRESSURE,  ACCORDING  TO  TAYLOR. 


woJld  carry  the  pilot  beyond  his  ability  to  perform  normally  ana  place  him  in 
temperatures  which  would  lead  to  significant  impairment  of  his  performance* 
Furthermore,  modern  aircraft  are  complex  enough  both  in  instrumentation  and  con¬ 
trols  to  tax  the  performance  capacity  of  the  pilot  even  in  optimal  temperatures. 

The  performance  studies  to  date  are  analytic  in  design*  a  single,  relatively  simple 
task  is  studied  under  varying  thermal  conditions.  Whether  the  addition  and 
complication  of  tasks  will  result  in  even  lower  temperature  tolerances  is  not 
known.  A  reasonable  guess  is  that  f.  'terioration  may  occur  at  less  and  less 
extremo  conditions  as  the  task  becomes  more  elaborate. 
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jonfort  Zone 
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The  American  Society  of  Heating  and  Ventilating  Engineers  (101)  have  developed 
the  concept  of  a  "comfCrt  zone",  which  they  employ  in  specifying  heating  and 
ventilating  standards.  The  significance  of  this  concept  in  the  present  discussion 
is  that  it  represents  a  range  of  thermal— executions  which  have  been  reported  to 
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be  comfortable.  While  group  opin’ on  coes  not  proveVthat  thermal  conditions  are 
ideal  either  for  organic  adjustment  or  performance,  it\ay  be  presumed,  in  the 
light  of  the  studies  which  have  already  been  reviewed,  th)at  no  appreciable  thermal 
stress  is  exerted  so  long  as  individuals  feel  comfortable. \  A  person  placed  in 
environments  defined  by  the  "comfort  zone"  will  be  free  fron  detraction  or  annoy¬ 
ance  associated  with  a  thermally  uncomfortable  surround.  ' 

The  experimental  procedure  underlying  the  concept  requii id  that  subjects  rate 
their  own  sensation  as  cold,  comfortably  cool,  very  comfortab  .3,  comfortably 
warm,  or  too  warm  while  in  a  room  in  which  the  temperature  wu  ;  progressively  in¬ 
creasing  or  decreasing  (97).  The  results  are  more  applicable! to  exposures  of 
limited  than  of  prolonged  duration.  However,  there  can  be  little  doubt  that  there 
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is  a  central  temperature  band  that  will  be  reported  as  comfortable  by  most  sub¬ 
jects.  The  limits  of  this  band  are  not  precise,  and  the  band:  shifts  upward 
*  > 

during  the  summer  (98 )j.  According  to  the  ASHVE  chart,  the  c<  mfort  zone  is  within 
the  limits  set  by  7«!0  to  85°F. ou  the  30  percent  relative  hum  . city  line  and  68° 


to  78  F.  on  the  70  percent  relative  humidity  line.  This  urm  is  demarcated  in 
Figure  19,  which  also  includes  other  specifications  for  the/comfort  zone.  The 
area,  as  drawn,  may  be  misleading  unless  it  is  realized  ths ft,  this  study  was 
limited  to  a  humidity  range  of  30  to  70  percent  and  to  roots  heated  by  ordinary 

methods.  Thus,  ilills  (69)  has  shown  that  individuals  cou-Vd  remain  comfortable 

0  / 

in  a  room  at  93  F.  *nd  70  percent  relative  humidity  prov.ydea  heat  could  be  lost 

by  rauiation  to  cold  plates  on  the  walla  of  taa  room.  In  other  experiments, 
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low  air  temperatures  (40°F.)  were  found  to  be  comfortable,  provided  radiant  heat 
was  furnished  from  the  wall  plates. 

in  extension  of  the  ASUVE  comfort  zona  to  include  conditions  which  would  be 
eoofortablo  for  small  additional  fractions  of  the  population  would  enlarge  the  zone 
froa  69°F.  to  91  °F.  and  froa  66°F.  to  83°F.  on  the  30  and  70  percent  relative  humid¬ 
ity  lines,  respectively.  This  extension,  which  is  not  shorn  in  Figure  19,  would 
involve  within  the  given  humidity  range  an  area  slightly  greater  than  the  area 
prescribed  by  Lovelace  and  Gagge. 

Baber  and  Hutchinson  (76),  who  base  their  comfort  zone  on  the  same  experi¬ 
mental  work,  prefer  a  summer  comfort  zone  bounded  by  ?4°F.  to  85°F.  on  the  30 
percent  relative  humidity  line  ana  69°F.  to  79°F.  on  the  70  percent  relative 
humiaity  line.  These  recommendations  are  also  indicatea  in  Figure  19.  These 
authors  indicate,  moreover,  that  there  is  no  evident  health  hazard  in  the  extension 
of  this  band  to  95°F.  on  the  30  percent  relative  humidity  line  and  90°F.  on  the 
70  percent  relative  humidity  line.  Tile  study  points  out  health  hazards  are  either 
known  to  exist  or  may  be  suspected  at  higher  temperatures  than  those  in  the  en¬ 
larged  comfort  zone.  The  area  which  is  said  to  be  free  from  health  hazards  has 
not  been  indicated  in  Figure  19. 

i  , 

The  third  area  indicated  in  the  figure  is  taken  from  Lovelace  and  Gagge 
(58).  They  define  it  as  bounded  by  72°F.  to  94 °F.  on  the  10  percent  relative 
humidity  line  and  66°F.  to  80°F.  on  tnb  90  percent  relative  humidity  line. 

Other  authors  have  also  attempted  to  specify  a  comfort  zone,  but  t heir 
findings  arc  considered  separately  because  they  appear  to  be  less  complete  than 
those  offered  above.  As  an  example,  Brunt  (16)  considers  the  optimum  zone  to  be 
66°F,  to  68°F.,  with  relative  humidity  at  60  percent.  The  criterion  was  that, 
under  these  conditions,  lightly  clothed  men  could  walk  four  mph  in  the  sun 
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without  sweating.  Bedford  (7)  6et  the  optimum  range  at  60°F.  to  68°F.  (with 
globe  thermometer  radiation  readings  of  62°F.  to  68°F.).  His  specification  rests 
upon  the  stated  preference  of  86  percent  of  2600  factory  employees.  Boetjer  (14) 

A  O  ' 

states  that  68  F.  to  73  F.  is  comfortable  for  light  sedentary  work  if  the  rela¬ 
tive  humidity  does  not  exceed  65  to  75  percent.  lagloglou  (96)  found  an  optimum 
at  64.5°F.,  at  100  percent  relative  humidity,  which  increased  to  72°F.  as  rela¬ 
tive  humidity  declined  to  10  percent,  for  resting,  normally  clothed  subjects. 
Armstrong  (3)  considers  the  optimum  to  be  50°F.  to  85°F.,  with  relative  humidity 
25  to  75  percent,  for  properly  clothed  pilots  of  aircraft.  There  are  several 
other  descriptions  of  the  comfort  zone  in  the  literature,  but  they  appear  to 
be  based  on  the  work  already  reported  or  to  reflect  some  special  sort  of  working 
conditions. 

Thus,  there  appears  to  be  general  agreement  on  the  central  core  of  the 
comfort  zone  as  shown  in  Figure  19.  The  variations  of  opinioh  concerning  the 
fringes  of  this  zone  ore  due  (1)  to  differences  in  the  range  of  humidities 
examined,  (2)  to  the  differences  in  application  intended  by  their  several  authors, 
and  (3)  to  the  percentage  of  observers  who  must  report  discomfort  before  a  parti¬ 
cular  temperature  condition  is  declared  to  be  uncomfortable. 

In  retrospect,  this  paper  has  described  present  available  information  con¬ 
cerning  five  broad  zones  of  temperature.  Progressing  from  mild  to  extreme,  these 
regions  are* 

1.  A  comfort  zone,  wherein  thermal  equilibrium  is  maintained,  per¬ 
formances  are  near  optimum,  and  there  is  no  reported  distraction  or  discomfort 
due  to  thermal  conditions.  The  ASHVE  studies,  reported  by  Ynglou  (97,  98)  and 
Houghten  (49) »  serve  to  define  the  limits  for  this  zone. 

2.  A  marginal  zone,  standing  Immediately  above  the  comfort  zone, 
in  which  thermal  equilibrium  is  maintained  but  wnere  there  may  be  reports  of 
discomfort.  Significant  performance  deterioration  probably  does  not  occur  in 
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this  zone,  though  the  use  o t  more  sensitive  tests  than  those  which  have  been 
employed  may  lower  the  upper  temperature  limits  of  this  zone.  The  studies  of 
Mackworth  (60,  65)  and  Viteles  (91)  define  the  upper  boundary. 

3.  A  performance  deterioration  zone  is  marked  on  the  lower  side  by 
demonstrable  impairment  of  performance  and  on  the  upper  side  by  inability  to 
maintain  physiological  equilibrium.  Present  evidence  seems  to  indicate  that 
performance  may  be  impaired  under  conditions  not  extreme  enough  to  occasion  a 
loss  of  thermal  equilibrium.  This  is  the  zone  within  which  oetermination  must 
be  made  of  the  amount  of  impairment  which  occurs  on  various  tasks  in  the  presence 
of  uncomfortable,  but  still  "tolerable"  heat.  The  importance  of  this  zone  to 
the  future  aircraft  pilot  points  to  the  need  for  further  studies  of  performance 
under  various  combinations  of  thermal,  as  well  as  other,  stress.  See  the  studies 
of  Robinson  (SO),  Gegge  (35i  95),  and  Taylor  (87)  for  upper  limits  of  this  zone. 

4*  The  survival  zone  includes  a  range  of  conditions  too  extreme  for 
the  establishment  of  thermal  equilibrium  yet  not  necessarily  disruptive  or  lethal 
The  duration  of  exposure  is  very  important  among  wie  conditions  determining  the 
upper  limits  of  this  region.  By  keeping  the  period  of  exposure  short,  very  high 
temperatures  can  be  survived  and  collapses  avoided.  This  has  been  demonstrated 
by  Taylor  (87). 

5*  At  still  more  extreme  temperatures,  collapse  and/or  death  result. 

None  of  the  separating  boundaries  or  tolerances  has  been  defined  with  great 
precision.  As  the  relevant  studies  are  multiplied  and  refined,  it  will  be  even 
more  apparent  than  now  that. the  value. for  any  particular  temperature  tolerance 
is  not  fixed  but  that  it  varies  with  a  large  number  of  accessory  conditions. 
Presumably, when  all  external  concitious  are  controlled,  people  will  still  be 
observed  to  vary  in  tolerance.  In  this  case,  a  tolerance  value  must  be  usee  as 
a  stanaare  in  a  statistical  sensei  that  certain  events  or  symptoms  occur  with 
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known  regularity  at  the  given  level  of  temperature .  Thus,  as  Schickele's  study 
shows,  conditions  can  be  found  in  which  some  rare  individual  will  have  a  survival 
limit  falling  at  a  temperature  and  humidity  scarcely  above  the  comfort  zone  of 
others.  One  of  the  many  interesting  and  unsolvea  theoretical  problems  is  whether 
the  several  kinds  of  temperature  tolerances  tend  to  move  upward  and  dowm/ard 
together  as  other  conditions  change  or  whether  they  are  relatively  independent 
of  each  other. 

The  general  effect  of  high  temperature  upon  performance  may  be  stated, 
provisionally,  in  the  following  estimates  based  upon  material  reviewed  in  this 
paper: 

1.  "Normal"  performances  on  moderately  complex  tasks  which  require 
little  physical  effort  may  be  observed  at  effective  temperatures  up  to  85°F. 

2.  Temperatures  as  high  as  120°F.  may  be  endured  for  about  one  hour, 
107°F.  for  two  hours,  and  95°F.  for  four  hours  at  the  most  severe  humidities  which 
occur  under  natural  conditions.  While  it  may  be  presumed  that  some  deterioration 
in  performance  is  Demonstrable  under  these  conditions,  information  is  not  yet 
available  on  the  amount  or  quality  of  deterioration  which  appears  on  various  tasks. 

****** 

As  an  addendum  to  the  discussion  of  heat  tolerances,  brief  mention  will  be 
made  of  the  problem  of  raising  tolerance  and  improving  performance  in  hot 
environments.  Research  in  this  area  has  been  directed  primarily  to  three  ways 
of  increasing  tolerance:  through  acclimatization,  diet,  unci  special  clothing. 

Among  these  studies,  not  a  few  are  essentially  qualitative  rather  than  quantitative 
experiments  on  jeriormonce.  For  example,  in  a  stuay  of  acclimatization,  Eichna 
(26)  had  men  live  continuously  for  four  weeks  in  temperatures  . 87°F.  to  93°F., 
relatlvo  humidity,  80  to  96  percent.  They  walked  12.5  miles  daily  carrying  20  lb 
packs.  At  first  they  showed  carulovascular  instability,  rise  of  body  temperature. 
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and  aputhy;  and  they  y-orked  slowly  and  painfully.  About  the  eleventh  day,  however, 
the  symptoms  disappeared;  and  they  worked  almost  as  easily  as  in  a  cool  environ¬ 
ment.  Evidently,  as  is  generally  agreed,  performance  improves  as  adjustment  or 
acclimatization  progresses.  However,  there  is  no  quantitative  statement  of  the 
improvement  in  terms  of  quantity  or  quality  of  performance  cr  in  terms  of  an 
increase  in  the  severity  of  conditions  which  become  tolerable  subsequent  to 
acclimatization.  Using  physiological  criteria,  Eichna  also  shows  that  accli¬ 
matization  is  attained  rapidly  by  increasing  daily  the  work  load  during  continuous 
residence  in  a  hot  environment,  whereus  resting  in  the  heat  induces  only  slight 
acclimatization.  Pace's  study  (73),  which  has  been  discussed  above,  is  also 
relevant  here.  Tihile  his  findings  were  not  attended  by  a  high  degree  of  statistical 
significance,  they  suggest  that  there  is  less  impairment  of  performance  during  an 
intermittent  (sleeping  in  cool  quarters  at  night)  rather  than  a  continuous  pro¬ 
longed  exposure  to  heat. 

Serious  hincrences  to  acclimatization  are  inadequate  water  and  salt  intake 
and  a  previous  lack  of  fitness.  These  findings  are  confirmed  by  Bock  (13),  who 
finds,  in  addition, that  the  nutritional  requirements  include  the  administration 
of  water  on  an  hourly  basis,  salt  and  sufficient  food  on  a  daily  basis,  and 
vitamins  on  a  weekly  basis.  A  high  vitamin  B  supplement  to  the  diet  does  not 
offer  any  advantage  over  a  normal  vitamin  intake,  as  measured  by  the  ability  to 
do  hard  work  in  the  heat  (46) .  There  have  been  conflicting  reports  upon  the 
usefulness  of  adrenal  cortical  extract,  which  might  have  been  expected  to  extend 
heat  tolerance  by  its  action  in  conserving  salt.  Some  experimenters  found  it  to 
have  been  helpful  (20);  snu  tome  have  found  it  to  be  neither  beneficial  ncr 
harmful  (70).  Acolph  (100)  stresses  the  importance  of  intermittent  outy  ana 
rest  and  the  avoiuance  of  alcohol  as  ways  to  extend  the  tolerance.  Under  optimum 
conditions,  an  effective  degree  oi  acclimatisation  to  heat  develops  within  one 


week;  the  Minnesota  investigators  (46)  report  that  four  to  five  days  are  required 
while  the  Harvard  group  (79)  report  that  80  percent  of  the  acclimatization 
occurred  in  the  first  seven  days  of  exposure.  The  latter  group  also  indicate  that 
23  days  were  required  for  their  subjects  to  reach  maximum  acclimatization. 

The  effect  of  clothing  upon  heat  tolerance  has  beep  investigated  primarily 
from  the  point  of  view  of  infantrymen  rather  than  of  pilots.  The  essential  in¬ 
fantry  requirement,  which  is  not  necessarily  applicable  to  flight  personnel,  is 
that  the  clothing  should  be  worn  loosely  to  permit  the  dissipation  of  body  heat 
while  affording  protection  from  solar  heat  (6).'  The  use  of  infra-red  barriers 
in  clothing  (lacquered  metal  strips)  has  been  suggested  by  Burn  (17)  ana  Fourt 
(30)  to  reduce  the  heat  load  by  reflecting  heat  radiated  at  the  body.  Houghten 
et  al,  (48)  found  that  heavy  work  could  be  done  at  110°F.  (95°F.  E.T.)  by  a  man 
wearing  a  ventilated  coverall  suit  when  the  air  supply  to  the  suit  is  cooled. 

Air  ventilated  plothing  for  pilots  has  been  investigated  by  Llarbarger  (66)  and 
for  tank  crev.s  by  a  British  group  (38,  54#  104).  Hutchinson  (53)  tested  five 
anti-£  suits  during  four  hour  exposures  to  tropical  conditions  (100°F.,  relative  * 
humidity  57  percent,  and  90°F.,  relative  humidity  71  percent).  The  men  worked 
by  stepping  on  a  12-inch  high  block  12  times  per  minute  for  two  minutes  every 
15  minutes.  All  of  the  suits  increased  the  rate  of  sweating  and  the  accumulation 
of  sweat  in  the  clothing,  A  loose  weave  suit,  worn  without  trousers,  was  most 
comfortable.  According  to  Griffin  (39) #  even  an  impervious  suit  over  ho; vy 
clothing  may  be  worn  for  four  hours  under  jirigle  condition  ■.  ('i5°F.,  relative 


humidity  80  percent)  before  oral  tempir-ture  reaches  101°F. 

^The  problem  of  cooling  the  pilot  of  a  pl^ne  becomes  complicated  when  cabin, 
pressurization  does  not  provide  sea  level  conditions.  Heat  exchange  occurs  by 
means  of  conduction,  convection,  anu  radiation,  all  of  which,  except  for  the  last, 
are  influenced  by  air  pressure.  As  altitude  increases,  i.  e.,  air  pressure 
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decreases,  the  amount  of  heut  exchanged  by  conduction  and  convection  diminishes 
while  tho  amount  exchanged  by  rudiation  remuins  constant.  In  a  relative  sense, 
the  fraction  of  heat  exchanged  by  radiation  increases  v/ith  altitude  while  that 
of  conduction  and  convection  decreases  with  altitude.  In  effect,  the  more 
rarified  air  acts  to  insulate  a  body  ana  to  conserve  its  heat.  These  facts 
suggest  that  the  possibility  of  cold  "radiant"  panels  in  the  walls  of  the 
cockpit  should  be  examined  with  a  view  to  their  usefulness  as  one  weans  of 
cooling  the  pilot.  / 

r  I 

f  In  accordance  with  available  information,  it  may  be  concluded  that  the  best 
performance  under  conditions  of  heat  woula  be  expected  of  acclimatized  and 
rested  individuals,  provided  with  plenty  of  water  and  salt,  and  a  normal  amount 
of  food.  A  recommendation  on  clothing  would  appear  to  be  premature  in  view  of 
the  known  complexity  of  flight  clothing  with  respect  to  such  factors  as  £_ 
protection,  oxygen  supply,  communications,  and  safety  gear  (parachute,  etc.). 
Consideration  should  be  given  to  the  possibility  of  incorporating  a  cool-air 
supply  as  one  of  the  services  offered  by  flight  clothing. 
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APPEHE1X 

Effective  Temperature t 

Effective  temperuture  is  an  empirically  determined  index  of  the  degree  of  j 

warmth  perceived  on  exposure  to  different  combinations  of  temperature,  humidity, 

.  .  '  i 

and  air  movement.  It  is  based  upon  the  judgements  of  trained  subjects  who  rated  > 

their  own  relative  warmth  in  rooms  held  at  various  combinations  of  temperature, 
humidity,  and  air  movement.  The  index  tends  to  emphasize  the  immediate  Impression 
created  by  exposure  of  limited  duration  to  particular  environmental  conditions 
rather  than  the  impression  which  remains  after  prolonged  adaptation.  The  numerical 
value  of  the  effective  temperature  index  for  any  given  condition  is  fixed  by  the 
temperature  of  saturated  air  which,  at  minimum  air  movement  (15  to  25  feet  per 
minute),  Induces  a  sensation  of  warmth  like  that  of  the  given  Condition.  The 
effective  temperature  chart  which  is  shown  in  Figure  20  is  applicable  to  in¬ 
habitants  of  the  United  States  wearing  light  clothing,  engaged  in  sedentary  or 
light  work,  and  in  rooms  heated  by  convection  type  systems.  It  would  not  apply 
to  men  in  rooms  heated  by  radiant  methods i  There  is  another  chart  applicable  to 
subjects  working  while  strippea  to  the  waist  (101).  Effective  temperature  for 
any  single  value  of  ventilation  may  be  superimposed  upon  the  usual  psychrometric 
diagram.  This  is  shown  in  Figure  21  in  order  to  demonstrate  how  the  lines  of 
effective  temperature  originate  at  tne  point  of  saturated  air  for  each  particular 
value  of  wot  bulb  temperature. 

Reference*  (101)  p.  229}  (97)}  (99). 

Equivalent  Ttormtht 

Equivalent  warmth  is  a  "provisional  scale  which  takes  into  account  all  the 
warmth  factors,  viz.,  the  temperature,  humidity,  end  rate  of  movement  of  the  air, 
and  the  radiation  from  the  surrounoings. 
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The  scale  is  referred  to  th8  standard 
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PIGURE  21  PSYCHROMETRIC  CHART  FOR  PERSONS  AT  REST,  NORMAL LY 
CLOTHED, IN  STILL  AIR,  SHOWING  VALUES  OF  EFFECTIVE 
TEMPERATURE.  (101  ) 


conditions  of  a  unifora  enclosure  with  the  air  saturated  and  still".  According 
to  Bedford  (8),  the  values  of  equivalent  warmth  are  close  to  those  of  resultant 
temperature  as  arrived  at  with  Hissenard’s  resultant  thermometer.  A  chart  that 
may  be  uped  to  calculate  equivalent  warmth  is  shown  in  Figure  22.  The  data  which 
are  required  to  use  the  chart  are  mean  radiant  temperuturo,  vapor  pressure,  air 
velocity,,  and  dry  bulb  temperature.  If  the  vapor  pressure  is  hot  known,  wet 
bulb  temperature  (Scale  E)  ana  dry  bulb  temperature  (Scale  F)  are  connected  by 
a  straight  line  in  order  to  read  vapor  pressure  (Scale  C).  Then  a  line  between 
radiant  temperature  (Scale  A)  and  vapor  pressure  (Scale  C)  is  used  to  read  an 
arbitrary  value  at  its  intersection  with  Scale  B.  A  line  is  then  drawn  between 
the  value  on  Scale  B  and  dry  bulb  temperature  (Scale  F).  Equivalent  warmth  is  read 
on  Scale  D,  account  being  taken  of  the  appropriate  air  velocity  indicated  on  Scale  D 
Reference  (8)  p.  35 •  • 

Standard  Orerative  Temperature! 

Standard  operative  temperature  is  a  single  value  describing  the  net  physical 
affect  of  the  ambient  air  temperature  ana  that  of  the  surrounding  walls,  i.e., 
the  combined  influence  of  both  radiation  ana  convection.  It  includes  values 
for  ambient  air  temperature,  mean  radiant  wall  temperature,  human  body  surface 
temperature,  ana  air  movement.  Humidity  is  excluded  sinco  its  only  effect  is 
on  the  efficiency  of  the  evaporative  regulatory  process.  The  formula  for  calcu¬ 
lating  standarc  operative  temperature  is  as  follows » 

SOT  =  K*  (Tw)  I  Kg  (WQta  -  (Vv7v;  -  1)T 
K0  K0  U 

where 

-  radiation  constant 
K0  :  cooling  constant  associated  with  operative  temperature  of  the  environment 
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FIGURE  22  CHART  FOR  THE  ESTIMATION  OF  EQUIVALENT  WARMTH  FOR  NORMALLY  CLAD  PERSON  DOING 
VERY  LIGHT  WORK.  USE  SCALE  E  AND  F  TO  GET  C;  A  ANO  C  TO  GET  B;  B  AND  F  TO  READ 
EQUIVALENT  WARMTH  ON  0.  TAKEN  FROM  BEDFORD  (8). 


0»v  tUL9  TtM*tAATg»- 


Tv  r  Bean  radiant  wall  temperature 
Ke  s  convection  constant 
V  -  air  movement 
T0  -  standard  air  movement 
s  ambient  air  temperature 
Tg  z  surface  temperature  of  body  (human). 

Reference i  (32)  p.  544-545 j  (35) i  (94);  (9$). 

Psychrometrio  Chart t 

A  psychrometric  chart  is  presented  &b  Figure  23.  There  are  separate,  inter¬ 
related  scales  for  dry  bulb  and  set  bulb  temperatures  in  degrees  Fahrenheit, 
relative  humidity  in  percent,  vapor  pressure  is  millibars  ana  in  millimeters  of 
mercury,  and  grains  of  water  vapor  per  pound  of  dry  air. 


the  P3TCHR0METRIC  CHART,  SHOWING  THE  RELATIONSHIP 
TEMPERATURE  ANO  HUUIOITY.  TAKEN  FROM  BEDFORO  (! 
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